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ABSTRACT
ATTACHMENT OF LISTERIA MONOCYTOGENES TO MURINE AND HUM AN
PHAGOCYTIC CELLS

By
Srinivas Maganti
University o f New Hampshire, September, 1998

Listeria monocytogenes is a facultative intracellular pathogen responsible for
meningoencephalitis, septicemia, and abortion in susceptible and immunocompromised
individuals. Subsequent to colonization and penetration o f the gut epithelium, the organism
attaches to resident macrophages and replicates intracellularly, thus evading the humoral
immune system of the infected host. The mechanism surrounding the precise interactions
between L. monocytogenes and macrophages employs bacterial ligands and macrophage
receptors which are highly complex and not well understood.

The focus of the present

study was to investigate the attachment o f the organism to murine and human macrophages
under opsonin-dependent and opsonin-independent conditions to better understand the
pathobiology of this severe pathogen and to potentially develop regimes to more adequately
prevent disease .
Immunofluorescence (EFA) and enzyme linked immunosorbent assays (ELISA)
showed that adhesion of the organism to macrophages regardless o f opsonins was inhibited
(90%) by N-acetyl neuraminic acid (NAcNeu) and related derivatives. The physical and
chemical nature of the cell surface-associated proteins from the pathogen were elucidated by
biochemical, electrophoretic, lectin affinity, and soluble binding assays. These studies
revealed the presence of several proteins (82, 65,42, and 33 kDa) involved in facilitating
bacterial adhesion to macrophages. Two new bacterial ligands (82, and 65 kDa proteins)

x
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were identified and characterized as bacterial glycoproteins.
To elucidate the identity o f the macrophage receptor(s) involved in listerial
attachment, investigations w ith a phvlogeneuc and medically similar pathogen, G roup B
streptococci (GBS)was employed. Competition assays, flow cytometry, and soluble
binding experiments revealed that Listeria was able to bind to phorbol myristate acetatetreated and untreated U937 cells in a dose-dependent manner. Complement receptor type 3
was not the primary receptor for attachment of Listeria to polymorphonuclear leukocytes
deficient in CR3 expression: previous studies have also shown similar results for G BS.
ELISA indicated that Listeria competed effectively with GBS sites on U937 cells and
murine macrophages, in a dose-dependent manner. Likewise GBS also prevented the
binding of Listeria. Western blot analysis confirmed that Listeria and GBS bind to the
same 60 and 55 kDa protein receptors on murine and human macrophages.

xi
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INTRODUCTION AND LITERATURE REVIEW

1.1 Characteristics of the Organism
Listeria monocytogenes was first described in 1926 by Murray et al. (98) when
studying infected laboratory guinea pigs and rabbits. The organism was initially called
Bacterium monocytogenes due to the characteristic monocytosis observed in these
laboratory animals (43,98). In 1927, Pirie renamed the organism Listerella hepatolytica,
and again assigned its present name in 1940 (43,56). The organism gained recognition in
1929 when Gill first isolated the organism from sheep, and Nyfeldt from humans (43,56).
Since then the incidence of sporadic and epidemic cases have been reported worldwide. As
a consequence of several outbreaks in the 1980’s Listeria has been considered a foodborne pathogen, and it has been gaining notoriety as such since.
The organism exhibits a characteristic tumbling motility at room temperature by
means o f one to five peritrichous flag ella, however, surface assembled flagellin is
markedly reduced when grown at temperatures between 30-37°C (105,106). It is a
facultatively anaerobic, gram-positive, nonsporeforming rod approximately 0.5 X 2 p m in
size. It grows well on a variety o f complex media and under broad nutritional and
environmental conditions(9,53,78,81,90). The organism grows in 10 to 12% sodium
chloride and is P-hemolytic and CAMP test-positive with Staphylococcus aureus (89).
Growth occurs at temperatures o f 1 to 50°C and at pH ranges of 5.5 to 9.5 (43,56,128).
The bacteria are positive for catalase, methyl red, Voges-Proskauer and esculin, but
negative for oxidase, indole, H2S and urease . The cells ferment glucose w ithout gas
production. A summary o f biochemical properties o f L. monocytogenes is found in Table
1. L. monocytogenes may be differentiated from other related genera and species by
1
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conventional biochemical assays, serotyping, bacteriophage typing and a variety of other
methods including multilocus enzyme electrophoresis (MEE), colony dot blots, restriction
enzyme analysis o f DNA (RFLP), polymerase chain reaction (PCR) and rRNA analysis
(30). These procedures have also proved useful in identifying and characterizing strains
from epidemic cases of listeriosis.

1.2 Taxonomy
According to 16s rRNA sequencing and DNA-DNA homology, Listeria reside
within the low G + C group of the Gram positive prokaryotes: specifically with the
Clostridium subbranch along with the genera Staphylococcus, Streptococcus,
Lactobacillus, and Brochothrix (30,83). In addition to low guanine and cytosine
composition (36-38%), presence o f lipoteichoic acids (LTA), and the absence o f mycolic
acids (30,130) are common traits within this group of Gram positive bacteria.
Two distinct phylogenetic lines within the genus Listeria have been described,
mostly based on multilocus enzyme analysis (17,30). One line o f descent is comprised of
L. monocytogenes and genetically similar species of L. innocua, L. ivanovii subspecies
ivanovii, L. ivanovii subspecies londoniensis, L. welshimeri, and L. seeligeri; the other
distinct line comprises L .grayi. Among these species only L. monocytogenes has been
found to initiate human disease and L. ivanovii is primarily responsible for disease in
animals (16,26,30,116).

2
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Table 1. Biochemical properties of pathogenic Listeriae.
Organism
Characteristic
L. monocytogenes
[3-Hemolysis
CAMP Test
S. aureus
R. equi
Catalase Test
Oxidase Test
Acid Production from:
Mannitol
a-Methyl-D-mannoside
L-Rhamnose
Soluble Starch
D-Xylose
Ribose
N-Acetyl-J3-D-mannosamine
Hydrolysis
Hippurate
Esculin
Gelatin
Urea
Voges-Proskauer
Methyl Red
Indole
H 2S Production
Nitrate Reduction
Pathogenicity in Mice

L. ivanovii

+

++

+
+

+
+

-

-

-

+
+

-

-

-

-

-

+
+
-

+
+

+
+

-

-

-

-

+
+

+
+

-

-

-

-

-

-

+

+

Adapted from Manual of Clinical Microbiology, 6th Edition.
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1.3

Epidemiology
L monocytogenes is an important cause o f sporadic and epidemic cases o f humans

(82.117.128) and zoonotic (cattle, sheep, goats, pigs, chickens, ducks) infections
(55,128,150,153). It is a ubiquitous organism that can be isolated from decaying
vegetation, soil, silage, and also as fecal microbiota o f many mammals (22,82,128).
Listeriae can be isolated from the stools o f 5% o f the healthy adult population, and higher
rates of recovery have been reported among individuals having contact with infected
patients (82,128). Contamination rates o f between 15-70% have been reported for food
products such as raw milk, vegetables, poultry, fish, fresh and processed m eats such as
chicken and beef (82,128).
To date, there are little data available on the epidemiology, carriage rate and
seasonal distribution of listeriosis. This is largely due in part to the fact that listeriosis only
recently became a reportable disease: formerly the incidence and severity of disease caused
by this organism was greatly underestimated. The Centers for Disease Control and
Prevention (CDC) have indicated that annual infection rates account for nearly 1850 cases,
(7.4 cases per million population) and attributes 425 deaths annually to this organism
(23.114.128). Infants less than one mo o f age and adults greater than 60 y have the
highest incidence of infection. Pregnant women account for 27% o f all cases, and 60% o f
cases between the ages 10 and 40 (82,128)(See Figure I). Nearly 70% of all nonperinatal
infections are seen in immunocompromised pauents (organ transplant recipients,
hematologic malignancies, padents with AIDS, and individuals receiving corticosteriod
therapy; 15,23,107,114,128).

4
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In humans, listeriosis is a food-bome disease, and infection usually follows
ingestion of animal-derived food products and in particular dairy foods (45,79,125).
Sporadic cases of listeriosis have been traced to contaminated soft cheeses, turkey franks,
and alfalfa tablets (82,129). The CDC has recently demonstrated that nearly 11% o f all
refrigerated food products were contaminated with Listeria, and 64% o f patients possessed
contaminated food products. It would appear that Listeria are relatively heat resistant and,
although pasteurization reduces the number of contaminating organisms in milk, this
process may not adequately eliminate the pathogen (84,128). Although little is known o f
the infectious dose or incubation period of these bacteria, the organism is able to replicate to
infectious levels at refrigeration temperatures used for shipping and storage o f most o f the
foods noted above.
A number of major outbreaks have been recorded from Nova Scotia,
Massachusetts, Philadelphia and Switzerland (Table 2). However, the most spectacular
outbreak of human listeriosis in the U.S. followed the consumption o f contam inated
Hispanic soft cheese in L. A. County, CA in 1985 when 86 people were infected and 29
died (23,43,79). The predilection o f the organism with gestating women was confirmed in
this outbreak in that 65% of cases were pregnant women; of the 29 deaths, 13 were late
term stillbirths and 8 were neonates. Similar association o f the organism with abortion and
fetal loss have been reported in dairy cattle (146).
Although many reports on the epidemiology of L. monocytogenes are European
reports, listeriosis in agricultural animals has a worldwide incidence (24,55,59,146,156).
In the U.S. the occurrence of disease in animals is highest in northern states such as New
Hampshire especially during cooler months (4), this is believed to be the case due to winter
feeding on silage. The serotypes l/2a, l/2b, and 4b constitute the major pathogens o f the
group (4,128).

6
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Table 2. W orld wide foodbome outbreaks o f listeriosis
Location
(Year)

No. Perinatal
(Nonper. Cases)

Fatality (%)

#Imm nunocom p.
patients

Source

M assachusetts
(1979)

0(20)

25

10

raw celery, tomatoes,
and lettuce

New Zealand
(1980)

22 (7)

31

0

shellfish, raw fish

N ova Scotia
(1981)

34 (7)

27

0

Massachusetts
(1983)

7(42)

29

42

pasteurized
2% whole milk

California
(1985)

93(49)

33

48

Jalisco cheese

Switzerland
(1983-1987)

63 (59)

25

—na

raw milk, cheese

Pennsylvania
(1986-1987)

4(32)

44

24

ice cream, salami

Connecticut
(1989)

2(7)

11

0

shrimp

United Kingdom
(1987-1989)

>300

—na

—na

pate

N ew England
119951

—na

—na

—na

coleslaw

frozen yogurt

—na complete data not available
Adapted from Farber and Peterkin (43)

7
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1.4

Infectious Dose
Many studies have been attempted to assess the number of organisms required to

initiate disease. Despite these attempts, more controversy regarding animal infectious dose
has arisen and no new information is available regarding the infectious dose o f this
organism. The proposed course o f infection is believed to begin with consumption o f
contaminated food products. Subsequent to consumption, the organism infects and
penetrates intestinal Pever patches followed by phagocyte infection passing into the
mesenteric lymph nodes, dissemination throughout the entire body via lymphatic pathways
(43).
Lethal dose studies in orally infected mice suggests that 1.7 X 103 to 9.9 X 106 are
suitable numbers of organisms to cause disease (8,43,54). However, other studies
performed by MacDonald and Carter (43,85) report a much higher number o f organisms, >
2.5 X 108 cells are required to infect and invade Peyer patches. Despite the controversial
reports by these two groups, others such as Pine et al. (109) have shown both
intraperitoneal injection of organisms or intragastric inoculation cause similar lethal dose
responses, however intragastric inoculation induced an accelerated death among mice(109).
Several studies have shown with various animal models that high levels of oral inoculation
or a diminished normal flora can be contributing factors to colonization (124).
The infectious dose of organisms responsible for inducing human disease in both
healthy and immunosusceptible individuals still remains unknown. A number o f factors
come into play in determining pathogenicity, some o f which include strain o f organism,
inoculum, and health status of host. Healthy individuals are thought to be consum ing low
level contaminates of L. monocytogenes on a routine basis. However, it is felt that many
do not become ill because healthy individuals carry T cells with reactivity to Listeria species
(43,97).

8
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1.5 Intracellular Pathogenesis
L. monocytogenes is a facultative intracellular pathogen. Attachment to and
penetration o f host cell membranes form a prerequisite to the infectious process o f the
organism and to the establishment o f disease (Figure 2). The ability o f the bacterium to
survive and replicate intracellularly are major virulence factors in the pathogenicity o f L.
monocytogenes. The organism is capable o f infecting and replicating within the cytoplasm
of a variety o f cells in culture, both phagocytic cells as well as other cells which are not
professionally phagocytic(33,39,68,93,l 19,126). Caco 2, an enterocyte-like transformed
cell line (47,68) and primary mouse peritoneal macrophages (13,39,88,93,108,143)
actively support the intracellular growth of Listeria and are well established as models to
study infection at the cellular and molecular levels.
Entry of facultative intracellular pathogens into cells that are not professionally
phagocytic has been described as a multifactorial process and has been studied extensively
in Yersinia, Salmonella, and Shigella as well as Listeria. Entry and subsequent
internalization is effected either through a “trigger mechanism” or a “zipper mechanism.”
In the former, passive entry o f the microbe occurs when bacteria signal the cell to induce
membrane ruffling and cytoskeletal rearrangement which results in macropinocytosis o f the
organism as is the case with Salmonella and Shigella (Figure 3). The zipper mechanism
as reported for Yersinia and Listeria takes place where direct contact between bacterial
ligands and cellular receptors occur (44,44,66,92,138). Efforts to elucidate the nature of
the bacterial ligand (invasin protein) as well as the host cell receptor (|3l integrin receptor)
involved in the binding and entry of some facultative intracellular bacterial pathogens into
cells has met with some success as in the case of Yersinia. Indeed, the critical role o f the
intemalin molecule mediating bacterial entry and invasion of epithelial host cells has been
demonstrated(46). In addition, E-cadherin, a calcium dependent cell-to-cell adhesion
glycoprotein located on the surface o f epithelial cells was shown to be the receptor for

9
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Figure 2. Scanning electron micrograph depicting opsonin-independent attachment of L.
monocytogenes to a murine peritoneal macrophage. Bar represents 5 p.m. Photo by
Srinivas Maganti.

10
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intemalin (92). Further studies have shown that the bacterial surface protein p60 may be
involved in uptake of L. monocytogenes by transformed nonproliferating epithelial cells
while the intemalin proteins InlA and InlB mediate the invasion of these host cells when in
an actively multiplying state (147).
It is probable that initial sites o f L. monocytogenes infection occur in follicleassociated epithelium (FAE) which contain specialized intestinal membranous (M) cells
within the ileal and ceacal lymphoid Peyer’s patches. M cells have been exploited by a
number of enteroinvasive pathogens to access host tissues; this strategy is utilized by S.
typhimurium infection (25). Therefore, Peyer’s patches constitutes the first line o f attack
by the organism and from these they move to others cells such as enterocytes in the gut and
hepatocytes in the liver (29). Shortly after L. monocytogenes makes contact with a
macrophage it is phagocytosed and enclosed in a phagosome. Listeria produces numerous
toxins such as listeriolysin, phospholipase C, Iecithinase, and metalloprotease which
facilitate escape (within 30 min) from the phagosome enabling the bacterium to enter the
macrophage cytoplasm where replication ensues using host cell nutrients. Hemolytic
properties of the organism are due to the major virulence factor listeriolysin O which
exhibits optimal activity at pH 5.5 (44,46,91,111,121,135,142). The importance o f this
toxin as a virulence factor is evidenced by the observation that all hemolysin producing
strains are virulent while nonhemolytic strains are avirulent; in addition, listeriolysin O
appears to be a major target for the immune system o f infected individuals (20,21).
Once in the cytoplasm the Listeria cell replicates at doubling times approaching 1 h
and becomes surrounded by electron-dense host cell actin molecules induced by bacterial
surface-associated ActA proteins. Two hours after entry into the cytoplasm, the actin
polymerizes at one end of the bacterium forming a comet like tail which can reach 5 jam
long, resulting in a propulsion of the organism toward the periphery o f the cell at speeds up
to 1 jim/s. When Listeria make contact with the plasma membrane of the macrophage, a
12
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proturbance or filopod is formed which can be 40 pm long. The long filopod makes
contact with a neighboring macrophage which in turn phagocytoses the filopod ( Figure 4).
The mechanisms or signals which facilitate this adjacent cell phagocytosis are not well
understood. Thus within the second macrophage is a Listeria and actin tails double
encapsulated within phagosomal membranes; the organism escapes the phagosome using
the same mechanism as with the first macrophage and the cycle is repeated (see figure 5).
In this fashion Listeria is not exposed to the extracellular environment and thus avoids the
humoral immune system of the host (6,47,70,96,96,121,122,122,141,142). A summary
of virulence-associated molecules is seen in Table 3.

13
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Figure 4. Spread of Listeria from one macrophage to an adjacent macrophage. Note the
filopod extendon and double membrane encapsulated organism seen in this transm ission
electrom micrograph (142).
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Figure 5. Attachment, invasion, intracellular replication and movement of L
monocytogenes in macrophages(142).

15
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Table 3. Virulence-associated molecules o f Listeria species
Antigen

Molecular mass (kDa)

Proposed Function(s)

flagella

29

tumbling motility

intemalin (InlAB)
intemalin A
intemalin B

80
71

intemalin-related protein (Irp)

30

listeriolysin (hly)

58-60

membrane pore formation, hemolysis

Act A protein

90

nucleation o f actin tail for
intracytoplasmic bacterial movement

p60

60

invasion protein, bacteriolytic enzyme

phospholipase C (plcA)

29

lysis o f phagosomal membrane

lecithinase (plcB)

32

lysis o f phagosomal membrane

entry into nonprofessional phagocytes

similar to intemalin (?)

metalloprotease (mlp)

lysis of phagosomal membrane

prfA protein

positive regulatory factor for hly,
plcA, plcB, mlp

p66

66

aminopeptidase

LmaA antigen

21

delayed-type hypersensitivity reaction

p58

58

porin (?)

p94-97, p43, p30-38, p i 8.5

unknown

Adapted from Bhunia (14) and Portnoy et al. ( i l l )
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1.6 Iron Requirements and Pathogenicity
Lethal dose studies in mice have demonstrated a critical role o f iron compounds in
the infectious cycle of L. monocytogenes. Growth medium supplemented with iron
compounds resulted in an inverse correlation between the amount of hemolysin produced,
(the major secretory virulence factor), and the amount of available iron. This phenomenum
is believed to represent an in vivo condition where the organism obtains required iron
through red blood cells Lysis (30,49). Iron is necessary for intracellular survival o f the
bacterium. Under non-infectious conditions iron-saturated transferrin is transported into
the cell via transferrin receptors and stored intracellularly bound to ferritin. Under the
influence of infectious agents such as L monocytogenes iron levels are made limited by
host cell downregulation of transferrin receptors and/or decrease o f intracellular ferritin
levels. Mononuclear phagocytes on the other hand also require iron to activate antibacterial
defense mechanisms such as reactive oxygen and nitrogen intermediates; therefore,
competition for these iron stores determines whether the phagocyte becomes the effector
cell or serves as a habitat for L. monocytogenes (2,70).
Conversely, other virulence factors such as superoxide dismutase have been
shown to increase in activity with increased iron concentration in the growth medium
(152). L. monocytogenes requires 0.4-4 JJ.M of iron for growth. The organism does not
produce siderophores but releases a low molecular mass surface associated reductant of 810 kDa that removes Fe(IIT) from transferrin and produces Fe(II), facilitating direct Fe(II)
interaction with the bacterial cell surface. It requires NADH, flavin mononucleotide
(FMN), and Mg+2 as cofactors (30,120). The organism does not take up iron from ferric
ferroxamine, ferric EDTA, or FeCl3; however it does take up iron from Fe(II), ferric
citrate, and direct binding of transferrin through the 126 kDa receptor (58,124). In this
fashion, iron is probably acquired primarily as ferric iron but, this also demonstrates the
presence of a citrate-inducible uptake system (43).
17
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1.7 Immunity to Listeria m onocytogenes
Professional phagocytes comprised o f polymorphonuclear granulocytes and
mononuclear phagocytes are the major effector cells involved in antibacterial defense. The
role of mononuclear phagocytes in intracellular infection serves as an essential habitat and
are the major effectors of defense. The functions o f the mononuclear phagocytes upon
activation include generation of reactive oxygen and nitrogen intermediates, lim itation of
intracellular iron levels, phagosome acidification, and production o f m icrobicidal defensins.
As a strategy to avoid the detrimental effector cells, intracellular pathogens have developed
strategies to avoid killing, some o f the m echanisms employed include invasion o f
nonprofessional phagocytes, evasion into cytoplasmic compartments, interference with
reactive oxygen/nitrogen intermediates, inhibition o f phago-lysosomal fusion and
neutralization of phagosomal pH (70).
Entry into phagocytes proceeds by phagocytosis through m annose/fiicose
receptors, Fc receptors (FcR) following im munoglobulin binding or through com plem ent
receptors (CR) after deposition of C3b or other complement products (70,71). Uptake
through FcR induces reactive intermediates which contribute to antimicrobial resistance.
Conversely, uptake via CR results in the absence o f reactive intermediates w hich facilitate
bacterial survival. Invasive bacteria such as L. monocytogenes enter nonprofessional
phagocytes by invasin molecules that facilitate attachment and subsequent endocytosis
(65,70). Following stimulation of m ononuclear phagocytes via y-interferon, L.
monocytogenes is no longer able to spread from cell to cell, it remains in the phagosome
where it is readily killed (70,112). It is clear that T-cell mediated immunity is required for
protection against L. monocytogenes, however, during primary infection it m ay take days
to several weeks to develop specific immunity to L. monocytogenes. T herefore the host
relies on nonspecific defenses to prevent grow th o f overwhelming numbers o f organisms
before specify immunity may develop (27). D uring the preimmune phase o f infection,
18
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fixed tissue macrophages of the reticuloendothelial system (RES) and mobile neutrophils
are components of the first-line o f defense against enteroinvasive pathogens such as L.
m onocytogenes , S. typhimurium, and Y. enterocolitica . These pathogens are readily
cleared from hepatocytes and spleenocytes and provide a front for T-cell mediated
protection. In previous years it was believed that neutrophils played an important part in
only in the clearance of the extracellular pathogens, but recent work has demonstrated
another role for these cells in intracellular pathogen infections (27).
A number of interleukins are responsible for the acuvation of effector cells targeted
against killing intracellular pathogens, perhaps the most central role played by
Y-interferon. It is produced by CD4 T cells, CD8 T cells, y/6 T cells, and natural killer
cells. It seems that possession of fully potent y-interferon, interleukins (1, 2, 4, 6, 8),
tum or necrosis factor (TNF-a), granulocyte colony stimulating factor (CSF), m acrophageCSF, and GM-CSF appear crucial to recovery and mediation of CD8 T cells is central to
eradication of the pathogen from the spleen, liver, and systemic sites
(18,34,60,70,72,80,99,100,157).
As a facultative intracellular pathogen, L. monocytogenes avoids the hum oral
immunity of the host, and recovery from infection is dependent on a patent cell-mediated
immunity. Immunologic protection from such pathogens remains a large area o f study in
immunology and microbiology. Killed vaccines do not provide protection, while the best
form o f protection is actual infection with intracellular replication with a virulent strain of
the organism; this however provides only a few to several months worth o f protection (61).
Attenuated strains have been considered as an alternative method, however, attenuation
usually hampers the organism ability to replicate within host cells; and in the cases when
replication may occur, the threat o f initiating disease in immunosuppressed individuals is
greatly increased.
One strategum providing limited protection against L. monocytogenes is through
19
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immunization with certain molecules as virulence factors, such as p60 invasion protein, a
major surface-associated molecule on the organism. Expression o f the listeria! antigen in
avirulent Salmonella typhimurium is able to stimulate limited protection (48,62). The low
level protection provided is believed to be the result o f antibody-dependent protection
versus cell-mediated protection.
Perhaps the best way to provide protective immunity is through non-specific
immunomodulation of the mononuclear phagocyte system by previous exposure to
lipopolysaccharide (LPS), Mycobacterium bovis (BCG), or through the use o f killed
Bordetella pertussis cells (62,154). In theory, the agents must be administered at
definitive intervals prior to experimental infection, in order to overcome the lag phase in
generating protective effects of cell-mediated defense. This approach, while only
experimental in animals, only provides short-lived protection and remains unsuitable for
treatment in the clinical setting. Immunomodulation may not yet be in practice for treatment
of human listeriosis but the approach will hopefully provide promise in protection from
listerial infection where antibody fails.

1.8 Clinical Aspects of Disease
Individuals infected with L. monocytogenes may present a number o f clinical
signs and symptoms depending on the status o f the immune system. Suppression o f cellmediated immunity (CMI) is the leading predisposing factor leading to listeriosis.
Diminished CMI is found predominately in the extremes of age (young and elderly),
pregnant individuals, and immunosuppressed patients (ie transplant recipients, cancer and
AIDS patients) and as a consequence, these individuals are most susceptible to listerial
infection and presentation o f disease. Non-pregnant adults infected with L.
monocytogenes usually present gastrointestinal symptoms such as diarrhea and cramping
often preceded by fever and bacteremia; these symptoms are, in most cases, self-limiting as
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with other foodbome illnesses seen with Salmonella, Campylobacter, Yersinia,
Clostridium, Bacillus cereus. Staphylococcus aureus, and Escherichia coli infections.
Unlike other bacterial pathogens responsible for foodbome illnesses, L. monocytogenes
continues the course of infection in the central nervous system (CNS) whereby meningitis
or meningoencephalitis may ensue. This tropism for the CNS leads to severe disease and
despite aggressive antibiotic therapy, mortality rates between 20-50% have been reported
with permanent neurologic sequelae (30,43,128). Additional syndromes may also include
brain and spinal cord abscesses, intraabdominal abscesses, endocarditis, pleuropulmonary
infection, osteomyelitis, endopthalmitis, ataxia, depressed consciousness, and diminished
mental status may all be clinical findings o f listerial infection.
Pregnancy associated depression of cell-mediated immunity is due to alterations in
hormone levels, serum factors, and changes in T-helper-to-suppressor cell ratios
(128,151). Furthermore, cell-mediated suppression localized at the placenta is necessary to
prevent maternal rejection of the placenta. In addition, deficiencies in immunoglobulin M
and complement activity thereby increase fetal susceptibility to listeriosis (19,113,128).
Listeriosis may develop during any trimester of pregnancy; however, most infections are
detected during the third trimester o f pregnancy (128). Pregnant women infected with L.
monocytogenes may experience only mild flu-like illness with fever, headache, myalgias,
and occasionally gastrointestinal symptoms in response to the bacteremic phase of
infection. Intrauterine infection most likely results due to transplacental infection following
a maternal bacteremia; although, intrauterine infection may also arise due to ascending
spread from vaginal colonization with Listeria species (128). Intrauterine infection leads to
amnionitis, infection of the fetus, preterm labor, stillbirth, spontaneous abortion, and earlyonset of infection of the fetus. Sim ilar to the more common neonatal infections with group
B Streptococci, an early and late-onset o f infection may arise with L monocytogenes, each
with distinctive conditions and prognosis as summarized in table 4. Early diagnosis can be
21
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made by detecting L. monocytogenes in maternal blood and at birth diagnosis can be made
by detecting the organism in cerebrospinal fluid, blood, amniotic fluid, gastric aspirate,
meconium, and respiratory secretions. Antibiotic treatment has been shown to prevent
neonatal illness when intervention was started early (128).

Table 4. Clinical presentation for perinatal listeriosis
Characteristic

Early onset (0-2 days)
Intermediate (3-5 days)

Late onset ((>5 days)

Disease onset

in utero infection

colonization at birth,
cross-infection

Symptom(s)

septicemia

meningitis

Mortality rate

15-50%

10-20%

Infant status

premature with low birth weight

appear healthy at birth

Conditions

respiratory problems (cyanosis,
apnea), pneumonia, abscesses

fever, poor-feeding,
leukocytosis, diarrhea

Contamination sites

meconium, ear, nose, throat,
amniotic fluid, placenta, gut,
lung, blood

CSF, blood

Maternal presentation

50% - fever
organism isolation

0-5% - fever
organism isolation

Adapted from Farber and Peterkin (43)

1.9 Therapy for Listeriosis
Repeated studies have demonstrated that listeriosis is a food-borne disease.
Consequently, preventative measures in the food processing and handling environments
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should be suitable to prevent disease. In any event the possibility o f being exposed to this
pathogen is considerably high, but, the rates o f infection and possibility of developing
overt disease is relatively low. However, those immunosuppressed individuals who
succumb to disease become part o f a high fatality rate (20-50%). Clearly this pathogen
poses a severe threat to humans and aggressive therapeutics are required for recovery (62).
Virtually all strains of L. monocytogenes are susceptible to the common antibiotics
when tested in vitro. It may be difficult to understand then, why such a high mortality rate
is seen in the clinical setting. This is due to the facultative intracellular nature of this
pathogen: the bacteria are seldom exposed to the external environment where high
concentrations of antibiotics are focused. Therefore, successful chemotherapy of listeriosis
requires extensive understanding of the intracellular biology o f the organism as well as the
properties o f the antibiotics used in treatment (see table 5) (62). The preferred treatment
incorporates a combination of amoxicillin with an aminoglycoside: the aminoglcoside is
added to enhance the bactericidal action of the penicillins. Rifampin is also effective at
killing intracellular bacteria, however, it should not be used in conjunction with (3-lactams
since it negates their activity. Co-trimoxazole represents an alternative treatment regime for
patients allergic to the (3-lactams (30,62).
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Table 5. Antibiotic uptake by eukaryotic host ceils and intracellular distribution
Drug(s)a

Intracellular distribution inb:
Cytoplasm

Lysosomes

Group I (ratio, >10)
Macroiides (erythromycin, roxithromycin
azithromycin, spiramycin)
Clindamycin
Rifapentine
Coumermycin
Streptogramin

+

+

+
+
NA
NA

+
NA
NA

Group II (ratio, 1-10)
Quinalones (ofloxacin, ciprofloxacin)
Rifampin
Tetracycline
Chloramphenicol
Vancomycin
Teicoplanin
Fosfomycin

+
+
NA
NA
NA
NA
NA

(+)
+
NA
NA
NA
NA
NA

Group III (ratio,<l)
Penicillin
Ampicillin
Cephalosporins
Imipenem
Aminoglycosides (gentamicin, netilmicin,
amikacin)

—

+
+
+
+

—

—

+

—
—
—

a intracellular/extracellular ratio; b +, strong accumulation; (+), minor accumulation; —, no
accumulation; NA, no data available.
Adapted from Hof et al. (62)
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CHAPTER II

THE ROLE OF SIALIC ACID IN OPSONIN-DEPENDENT AND
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ABSTRACT
The adhesion of Listeria to host cells employs mechanisms which are complex and
not well understood. Listeria monocytogenes is a facultative intracellular pathogen
responsible for meningoencephalitis, septicemia, and abortion in susceptible and
immunocompromised individuals. Subsequent to colonization and penetration o f the gut
epithelium, the organism attaches to resident macrophages and replicates intracellularly,
thus evading the humoral immune system of the infected host. The focus o f this study
was to investigate the attachment of the organism to murine peritoneal macrophages in an
opsonin-dependent and opsonin-independent fashion. Assessment of competitive binding
experiments by immunofluorescence and enzyme linked immunosorbent assays showed
that adhesion of the organism to macrophages in the presence or absence of opsonins was
inhibited (90%) by N-acetyl neuraminic acid (NAcNeu). In addition, the lectin from
Maackia amurensis, with affinity for NAcNeu- a (2,3) galactose, blocked binding o f L.
monocytogenes to host cells. Oxidation o f the surface carbohydrates on the organism
using sodium metaperiodate resulted in a dose-dependent reduction in adherence to
macrophages (up to 98%). Monoclonal antibody to the complement receptor 3 (CR3) did
not prevent listeriae from binding to mouse macrophages or from replicating within the
infected cells whether or not normal mouse serum was present. Based on our results, we
propose the involvement of NAcNeu, a member of the sialic acid group, in the attachment
o f L. monocytogenes to permissive m urine macrophages.
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INTRODUCTION
Adherence is the necessary first step in the infectious process of many intracellular
pathogens (57,134). The molecular mechanisms by which adherence and subsequent
phagocytosis of the pathogen occur either through an opsonin-mediated process, involving
complement or antibody, and their appropriate receptors on the host cell, or through an
opsonin-independent process in which bacterial adhesins recognize and attach to specific
host cell receptors are not well understood. However, the receptors involved in opsonindependent adherence may also be involved in opsonin-independent adherence, as in the
case o f Group B streptococci, which recognize and bind to complement receptor type 3
(CR3) in the absence of opsonins (5). Direct bacterial attachment between adhesins and
host cell receptors has also been reported for Legionella pneumophila (63,118) as well as
for Listeria monocytogenes (31,38,108).
L. monocytogenes is the causative agent of food-bome listeriosis, a disease which
primarily affects immunocompromised individuals, pregnant women and neonates.
Clinical manifestations range from mild, flu-like symptoms to meningoencephalitis and
septic abortion. The organism has long been recognized as a facultative intracellular
pathogen capable of infecting and replicating within a wide variety o f cells including
fibroblasts, epithelial cells, hepatocytes, and cells from the mononuclear phagocyte system
(3,28,47,155). It has been shown that mononuclear phagocytes constitute the major
effector cells of immunity in experimental infections (3,70). L. monocytogenes has been
shown to induce the deposition o f C3b and its cleavage products iC3b and C3d through
ester and amide linkages and that this subsequently results in the activation o f the alternative
pathway of human complement (32,42). Recent studies indicate that CR3 mediates
phagocytosis of L. monocytogenes in the presence o f opsonins by a population of
27
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listericidai macrophages (38). However, the same studies demonstrated that nonlistericidal
macrophages used CR3 as a minor binding molecule for Iisteriae (38). Use o f a
monoclonal antibody (MAb) directed against CR3 (CD1 lb/CD 18) inhibited killing o f L
monocytogenes in a dose-dependent manner for listericidai macrophages; indeed, when the
MAb was used at high doses, these treated cells became permissive hosts (40). In contrast,
the use of anti-CR3 antibody to block adherence and phagocytosis by nonlistericidal,
permissive macrophages-was largely ineffective. This appears to indicate two possible
mechanisms o f adherence and uptake for this pathogen: an opsonin-dependent mechanism
through CR3 in which the organism is killed by the host cell, and an opsonin-independent
mechanism through some receptor other than CR3 in which the organism parasitizes the
host cell (127).
Although phagocytosis of L. monocytogenes by macrophages in the presence o f
opsonins has been investigated (37,86), the role of opsonin-independent phagocytosis in
the initiation o f infection is not clear. The aim of this study was to investigate the
interaction of L. monocytogenes with permissive murine peritoneal macrophages prior to
phagocytosis and to partially characterize the bacterial adhesive molecules responsible for
binding L. monocytogenes to these cells both in the presence and in the absence o f opsonic
components o f serum.
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MATERIALS AND METHODS

Bacterial strains and culture conditions. The fully virulent strain, UNHNY89,
of L monocytogenes serotype l/2b was isolated on blood agar from the cerebrospinal fluid
of a fatal case of neonatal meningoencephalitis. This isolate was subcultured once only on
Trypticase-soy agar and stored as stock cultures frozen at -70°C in 1% serum-sorbitol.
Organism virulence was periodically assessed using the fertile hen’s egg method (10) and
the LD50 in this system remained at approximately 2 1 colony forming units (CFU)
throughout the study period. Aliquots thawed from -70°C were plated on Trypticase-soy
agar and incubated overnight. Colonies were harvested, resuspended in Trypticase-soy
broth and cultured for 8.5 h in a shaking incubator at 37°C. Organisms were collected by
centrifugation at 10,000 x g, washed with serum-free H anks’ balanced salt solution
(HBSS) (Sigma, St. Louis, MO.), and resuspended in HBSS to give 1 x 109 CFU/ml
prior to the inoculation of macrophages.

Collection and cultivation of murine peritoneal macrophages. Balb/c mice
of both sexes were used at 3-6 m o f age. Animals were housed at the University of New
Hampshire animal maintenance facility according to Animal Care and Use Committee
guidelines (HHS/NIH publication #85-23, license # 950101). M urine peritoneal
macrophages were elicited by intraperitoneal injection o f each mouse with 2 ml o f 4%
thioglycollate broth aged for a minimum of 3 m. Mice were sacrificed by carbon dioxide
asphyxiation 2.5 to 3.5 days post-stimulation, and peritoneal exudate cells were extracted
in HBSS using three 10-ml peritoneal cavity lavages. These cell extracts were pooled,
centrifuged at 220 x g for 10 min and resuspended in RPM I-1640 cell culture medium
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containing 10% heat-inactivated fetal bovine serum (HI-FBS) (Sigma). Cells were
enumerated by hemacytometer. For immunofluorescence assay (IFA), macrophages were
seeded into 6-well cell culture plates at 1 x 106 macrophages/well in 3 ml RPMI-1640
supplemented with 10% HI-FBS. Each well contained a 22 mm glass coverslip. For
enzyme-linked immunosorbent assay (ELIS A),macrophages were seeded into 96-well
plates at I x 105 macrophages/well in 200 jil o f RPMI-1640 with 10% HI-FBS. All plates
containing macrophages were incubated at 37°C for 6-8 h in the presence of 5% CO-,, were
washed three umes with HBSS to rem ove unbound cells and fresh serum-free RPMI-1640
medium containing 0.5 (ig/ml cytochalasin D was added to the cells to uncouple adherence
from bacterial uptake in subsequent studies.

H o st cell-organism in te ra c tio n assays. Cells were inoculated with 10-fold
multiplicities of infection (MOI) ranging from 1 to 10,000. Following 1 h o f incubation at
37°C, unbound bacteria were rem oved by washing and L. monocytogenes adherent to
macrophages were assayed by IFA to determine the degree of organism binding at each
M OI and hence define the kinetics o f L. monocytogenes attachment to these cells. In this
fashion, the optimum inoculation ratio o f organisms to macrophage was determined to be a
MOI o f 100 (data not shown). This inoculum was used for all subsequent adherence
assays.

O p so n in -in d e p en d e n t a d h e re n c e assays. For organism treatm ent studies,
bacteria were exposed to the various modifying agents outlined in Table 1. After treatment,
organisms were washed with serum-free HBSS and added to untreated host cells prior to
assay for adherence. In duplicate experiments, macrophages were treated in a similar
manner with those membrane-modifying agents described in Table 2. In the latter case,
cells were washed with serum-free HBSS and inoculated with untreated listeriae.
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In competitive binding studies, the monosaccharides fiicose, galactose, glucose,
mannose, N-acetyl-galactosamine (NAcGal), N-acetyl-glucosamine (NAcGlu) and Nacetyl-neuraminic acid (N A cN eu) were tested individually at a concentration o f 100 mM
and were added to macrophages 1 h prior to inoculation with L. monocytogenes. In
addition, the lectins derived from Canavalia ensiformis , Limulus polyphem us, Maackia
amurensis and Triticum vulgare (E-Y Laboratories, San Mateo, CA) were each added
separately to macrophage monolayers at a concentration of 100 (ig/ml 1 h before
inoculation with listeriae. The common names and the binding affinities for each o f the
lectins used in these studies are given in Table 3. Bacterial attachment to host cells was
determined in the presence o f the sugars and lectins in a competitive fashion. For the
sodium metaperiodate treatment regime, the carbohydrate oxidizing agent was applied to
bacterial surfaces in acetate buffer at pH 5.0. Bacteria were washed to remove the
treatment reagent prior to the addition to macrophages. Otherwise, all reagents were made
in HBSS, adjusted to optimum pH, and filter-sterilized through 0.22-(im pore-size
membranes prior to use. The attachment o f L. monocytogenes to macrophages in the
absence of the treatment regimes outlined in Tables 1, 2 and 3 served as controls for all
these studies. Furthermore, the binding of Group B Streptococci strain C O H 31 (GBS) to
macrophages was used as additional controls for the studies on carbohydrate oxidation with
sodium metaperiodate at pH 5.0 to demonstrate enzyme activity at this pH. Following
inoculation, listeriae were allowed to adhere to macrophages for 1 h, after which the cells
were washed three times with HBSS to remove nonadherent bacteria, and the number of
bound listeriae was assayed by IFA and ELISA.

Opsonin-dependent adherence studies. Listeriae were opsonized for 30 min in
5% normal mouse serum in HBSS at 37°C. Organisms were subsequently added to
macrophages and allowed to adhere for 1 h. Nonadherent bacteria were removed by
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washing and the plates assayed for bacterial adherence by IFA and ELISA.

Role of CR3 in opsonin-independent and opsonin-dependent adherence.
The rat B-cell hybridoma line. M I/70, expressing the M Ab IgG2b anti-CR3, with
specificity for mouse and human CR3 epitopes, was used to investigate the role o f CR3 in
opsonin-independent and opsonin-dependent adherence o f L monocytogenes to murine
macrophages. This antibody blocks the binding of iC3b-coated targets to CR3 (40). The
M l/70 cell line was cultured in RPMI-1640 containing 10% FBS and the supemate was
collected and concentrated using a Centriprep-10 (Amicon, Beverly, MA.). The
concentrated MAb was purified using protein G-sepharose 4 Fast Flow column
chromatography (Pharmacia, Piscataway, NJ.) and eluted with 0.2 M glycine at pH 2.0.
Fractions were further concentrated after adjusting pH to neutrality and the protein content
was determined using the bicinchoninic acid assay (Pierce, Rockford, IL.).
Macrophage monolayers were incubated for 1 h with RPM I-1640 medium containing
0.5 ug/ml cytochalasin D and 10 |ig/ml rat IgG to prevent organism uptake through
phagocytosis and to block Fc receptor-mediated binding. Following cytochalasin
treatment, macrophage monolayers were incubated at 37°C for 1 h with N-acetyl
neuraminic acid or for 30 min with increasing concentrations o f the purified anti-CR3 MAb
ranging from 0.1 to 25 |ig/m l prior to the addition o f listeriae.
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Table 1. Treatment protocol for the surface expressed adhesins o f L. m onocytogenes

Agent*

Specific

Treatment

Function

Activity

time (min)

NAc-Neuraminic aldolase

10 units/ml

60

Degradation of

B-Galactosidase

100 units/ml

60

protein-,sugar-and lipid-

Chymotrypsin

500 units/ml

60

containing moieties on the
surface o f L. m onocytogenes

Lipase

100 units/ml

60

Neuraminidase

20 units/ml

60

Protease

10 units/ml

60

Trypsin

250 units/ml

60

Glutaraldehyde

0.1%

10

Cross-linking o f protein
moieties

Sodium metaperiodate

500 mM

60

Oxidation of carbohydrate
moieties

* Agents were prepared to pH 7.2 in HBSS (except for sodium metaperiodate w hich was
used at pH 5.0 in acetate buffer and neuraminidase used at pH 5.0 in HBSS) and added to
bacterial cells for the specified ume then washed to remove excess.
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Table 2. Treatment protocol for the modification of surface-expressed receptors on
macrophage host cells
Agent*

Specific

Treatment

.Activity

Function

time(min)

Chymotrypsin

0.1 units/ml

30

Degradation o f sensitive host

Lipase

100 units/ml

30

cell receptors

Pepsin

100 units/ml

30

Protease

0.005 units/ml

30

Trypsin

50 units

30

Formaldehyde

1.0%

10

Immobilization o f protein

Glutaraldehyde

0.1%

10

moieties

Nonidet P-40

0.005%

60

Oxidation of lipids

Sodium metaperiodate

5 miM

10

Oxidation of carbohydrate
moieties

* Agents were prepared to pH 7.2 in HBSS (except for sodium metaperiodate which was
used at pH 5.0) and added to macrophage host cells for the specified time then washed to
remove excess.
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Table 3. Lectins used in competitive inhibition binding studies

Lectin Source

Common Name

Oligosaccharide

Reference

Recognition

Branched N-linked hexasaccharides

(50)

Canavalia ensiformis

Jack bean (Con A)

Limulus polyphemus

Horseshoe crab (LPA) NAcNeu1,NeuGNAc2

(115)

M aackia amurensis

Maackia (MAA)

NAcNeu a(2,3)Gal3

(149)

Triticum vulgare

Wheat germ (WGA)

Man4 B(l,4)GlcNAc B( 1,4)GlcNAc5

(158)

NAcNeu

1 NAcNeu, N-acetyl neuraminic acid;
2 NeuGNAc, N-acetyl glycolylneuraminic acid;
3 Gal, galactose;
4 Man, mannose;
5 GlcNAc, N-acetyl glucosamine.
* Agents were prepared to pH 7.2 in HBSS and added to macrophage host cells for 1 h,
washed to remove excess and assays were performed in a competitive fashion.
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Adherence assay: indirect immunofluorescence assay. M acrophages,
attached to 22 mm glass coverslips were washed to remove non-adherent bacteria, were
fixed in 10% (v/v) formalin in HBSS, pH 7.2, for 30 min at 25°C. A fter fixing, the cells
were washed with phosphate buffered saline (PBS) and treated w ith rabbit polyclonal antiL. monocytogenes antiserum for 1 h at 37°C. Unbound globulin was removed, and goat
anti-rabbit fluorescein isothiocyanate-conjugated antibody (Boehringer Mannheim,
Indianapolis, IN.) was added for 1 h at 37°C. Cells were stained w ith 0.01% propidium
iodide in PBS for 20 min, washed, air dried, and mounted in glycerol containing 1% 1,4diazobicyclo (2,2,2) octane. For the purposes o f this study, a 50% decrease, compared
with untreated controls, in the number o f bacteria visualized as adherent to macrophages
after a particular organism or host cell treatment was considered indicative of an
interruption in adhesion of the organism to host cells (52).

Adherence assay : enzyme-linked immunosorbent assay. M acrophages,
washed to remove non-adherent bacteria, were fixed in absolute m ethanol for 10 min at
25°C and dried at 37°C. The plates were then washed three times with PBS containing
0.05% Tween-20 at pH 7.2, followed by incubation with 1% gelatin in PBS for 1 h at
37°C. After multiple washing with PBS-Tween 20, cells were incubated with rabbit
polyclonal anti-Z.. monocytogenes antibody and probed with goat and-rabbit horseradish
peroxidase-conjugated andbody (Boehringer Mannheim) each for 1 h at 37°C. After
washing the cells, the chromogen 3,3,5,5-tetramethylbenzidine and hydrogen peroxide
were added. Development was halted at 10 min by addidon o f 2 M R ,S 0 4, and the plates
were read at 405 nm spectrophophotometrically on an EIA reader, model MA310
(W hittaker M.A. Bioproducts, MA). ELISA results enumeradng bacteria were derived
from a previously established standard curve. Furthermore, a sim ilar 50% reduction in
adherent bacteria was used to determine the activity of treatment regimens.
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Statistical analysis. IFA data were obtained from the average o f three trials
counting the number of adherent bacteria on the first 100 cells counted per trial. Each trial
consisted of a total o f 9 assays in which each treatment was performed in triplicate as one
series of experiments using each batch o f cells derived from mice at one harvesting; all
treatment experiments were then performed three times to give a total of 9 separate assays.
ELISA data were generated in a similar fashion. Data from each assay method following
each treatment were averaged and analyzed by the unpaired Student’s test using Abacus
StatView® software.
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RESU LTS

H ost cell re c e p to r s a tu ra tio n assays. L. m onocytogenes bound to murine
peritoneal macrophages in the absence o f either complement or specific antibody in a washresistant manner. Data from these assays indicated that at a MOI o f approximately 1000,
host cell receptors were fully saturated with virulent L. monocytogenes. W hen a M OI o f
100 was used, IFA data showed that macrophage host cell receptors bound approximately
19% of the bacterial inoculum while non-specific binding was minimal. These host cell
receptor/bacterial adhesin interaction studies showed that an inoculum of 100 organisms per
macrophage was optimal for our purposes, and this was used for all subsequent opsoninindependent and opsonin-mediated investigations.

B acterial su rface tre a tm e n t. W ith the exception o f glutaraldehyde, none of the
bacterial cell surface-modifying agents listed in Table 1 were shown to decrease the
viability of the bacterial population as determined by viable bacterial cell colony (VBCC)
counts. However, modification o f adhesin molecules on the bacterial surfaces showed that
treatment with the carbohydrate oxidizing agent, sodium metaperiodate, abolished binding
o f the organism to macrophages (Figure I). F o r i, monocytogenes this destruction of
binding by sodium metaperiodate was seen to be concentration-dependent (Figure 2).
When GBS were treated with various concentrations of sodium metaperiodate, a similar
dose-dependent decrease in binding of the organisms to macrophages was observed
(Figure 3). However, unlike Listeria attachment which was unaffected by pH treatment
alone, GBS binding was decreased by 45%. These data demonstrated that while sodium
metaperiodate abolished binding , the use o f pH 5.0 in
38
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Figure 1. Adhesion of L. m o n o cyto g en es to murine peritoneal
macrophages following surface treatment of the organism using the
reagents outlined in Table 1. Panel A = control or untreated L. m onocytogenes.
This represents 100% binding with all subsequent assays on treated bacteria expressed as a
percentage of the control. Panel B = the effect of protein cleaving agents and fixatives on
organism binding. Panel C = the effect on organism attachment after treatment with a lipid
cleaving agent. Panel D = changes in organism binding following treatment with
carbohydrate oxidizing or cleaving agents. Binding data were generated by IFA. Duplicate
assays evaluated by ELISA gave similar results to the IFA profiles. Bars represent
standard deviation of the mean. Statistical significance: sodium metaperiodate P < 0.0001;
neuraminidase P < 0.0004.
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Figure 2. Adhesion of L. m o n o c y to g e n e s to macrophages following
treatment of the organism with increasing concentrations of the
carbohydrate oxidizing compound sodium metaperiodate at pH 5.0. B inding
data were generated by IFA. Controls were untreated L. monocytogenes (column 1) and
L. monocytogenes in acetate buffer at pH 5.0 buffer (column 2). Bars represent standard
deviation of the mean. Statistical significance at all concentrations: P < 0.0001.
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Figure 3. Attachment of Group B Streptococci to macrophages following
treatment of the organism with increasing concentrations of the
carbohydrate oxidizing compound sodium metaperiodate at pH 5.0. B inding
data were generated by IFA. Controls were untreated Group B Streptococci (column 1)
and Group B Streptococci in acetate buffer at pH 5.0 (column 2). Standard deviations of
the mean were too small for bars to be visible. Statistical significance at all concentrations:
P < 0 .0 0 0 1 .
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the treatment buffers in the absence o f the oxidizing agent had no effect on the attachment
o f listeriae to host cells. In addition, a 40% reduction in listeriae binding (60% adhesion) to
macrophages was effected following treatment with neuraminidase. With the exception of
glutaraldehyde treatment, which showed an increase in binding o f greater than 60%
compared with control cells, no other treatment protocol influenced adherence o f listeriae to
macrophages. These data indicated that the presence of neuraminidase-sensitive
carbohydrate residues on.the organism surface were involved in wash-resistant attachment
to the receptors on the host cell and that bacterial viability was not essential for this binding
to occur.

Host cell surface modification. In sim ilar fashion, host cell surface
modifying agents, with the exception o f the aldehyde fixatives and Nonidet P40, did not
adversely affect macrophage viability as assayed by cell counts and trypan blue vital
staining. Macrophages exposed to those enzymes or oxidizing agents listed in Table 2,
showed no significant change in their ability to bind the pathogen in an opsoninindependent manner. However, treatment with either glutaraldehyde or formaldehyde
abolished the ability of the macrophage to bind bacteria. These data suggested that host cell
viability was essential to receptor activity. Alternatively, it is possible that cell surface
protein moiedes or complexes, which are resistant to those enzymes used, are involved but
that conformadonal or mobile presentation is critical to function.

Competitive binding treatments with saccharides and lectins.
Coincubation of the saccharides with L. monocytogenes in the presence o f host cells
indicated that only NAcNeu competed effectively with the organism for receptor sites
located on the host cell surfaces (Fig. 4). However, oxidation o f the host cell surface
carbohydrates by sodium metaperiodate had no effect on organism binding. The addition
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Figure 4. Binding of L. m o n o c yto g e n e s to macrophages following
treatment of the host cells with sugars and lectins in a competitive binding
fashion. Panel A = control preparations in the absence o f agents competing for available
receptor sites on the macrophage. This represents 100% binding with all subsequent
competitive assays expressed as a percentage o f the control. Panel B = adhesion o f the
organism in the presence of selected lectins. C = adhesion o f the organism in the presence
o f selected sugar moieties. Binding data were generated by IFA. Duplicate assays
evaluated by ELISA gave similar results to the IFA profiles. Bars represent standard
deviation of the mean. Statistical significance: M. amurensis lectin and NAcNeu gave P <

0 . 0001 .
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o f the lectin from Maackia amurensis, and to a lesser degree the lectin from w heat germ
agglutinin, caused a strong reduction in binding o f the organism (Fig. 4). H ow ever, the
lectins from Concanavalin A and Limulus polyphemus had no effect on the adherence
phenom enon.
The ability of NAcNeu to com petitively interrupt the binding ability o f the L.
monocytogenes-host cell interaction was shown to be concentration dependent, in that the
use o f 10 or 25 mM NAcNeu reduced organism binding by 10% (90% adhesion) while 50
mM NAcNeu effected a decrease in attachment by approximately 30% (70% adhesion).
The use o f 100 mM reduced binding o f the organism to macrophages by 90% (10%
adhesion).

Opsonin-dependent adherence studies. Compared with untreated controls,
the presence of NAcNeu reduced L. monocytogenes binding to macrophages by
approximately 80% (20% adhesion) when organisms had previously been opsonized with
5% normal mouse serum (Fig. 5). In addition, anti-CR3 MAb used as a blocking agent on
the macrophages to prevent bacterial binding through CR3 components produced little or
no effect on the adherence o f either opsonized or nonopsonized L. m onocytogenes to host
cells (Fig. 6). This inability to prevent binding o f the organism when the anti-CR3 MAb
was used in a blocking fashion but in the absence of organism uptake was independent of
the concentration o f MAb used.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0

50

100

150

Percent Binding

Figure 5. Binding of opsonized L. m onocytogenes to macrophages
following treatment with NAcNeu. Binding data were generated by IFA.
Duplicate assays evaluated by ELISA gave similar results to the IFA profiles. Controls
were untreated L. monocytogenes. Bars represent standard deviation o f the mean.
Statistical significance: opsonized organisms treated with NAcNeu gave P < 0.0001.
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Figure 6. Binding of non-opsonized (Panel A) and opsonized (Panel B) L.
m o n o c y to g e n e s to macrophages following blocking of CR3 receptors on the
host cells using the MAb, Ml/70. C ontrols in panel A consisted o f non-opsonized
L. monocytogenes, controls in panel B consisted o f opsonized L. monocytogenes.
Binding data were generated by ELISA. Rat IgG was used to saturate Fc receptors on the
surface of murine macrophages prior to the addition o f antibody M l/70. Bars represent
standard deviation of the mean. Statistical significance: panel A = P > 0.2,
panel = P > 0.5.
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D IS C U S S IO N

Adherence to host cell surfaces is a necessary first step in infection by intracellular
bacterial pathogens such as L. monocytogenes. However, it has been shown that this
initial step can take place by two different mechanisms: an opsonin-dependent process, in
which antibody and/or complement proteins become involved in the complex interaction
between bacteria and host cell; and an opsonin-independent process, in which adhesins
present on the bacterial cell surface recognize host cell receptors. It is possible that these
two processes result in different reactions by the host cell to the bacterium. For L
m onocytogenes, uptake by listericidal macrophages via the CR3 receptor resulted in death
of the organism, whereas uptake by nonlistericidal macrophages occurred through some
other recognition factor and resulted in intracellular replication o f the organism (38).
Adherence of L monocytogenes to host cell membrane associated structures is therefore a
complex interaction.
Following preliminary studies which established the ability o f L. monocytogenes to
bind to macrophages in a wash resistant manner (108), the rate at which host cell receptors
were saturated with listeriae was investigated. In all cases a M O I o f 1000 resulted in high
levels of organism attachment to the receptors on macrophage surface membranes;
however, at this inoculum, the level o f nonspecific binding o f L. monocytogenes to culture
plates as seen by IFA proved problematic. A MOI o f 100 resulted in a reduced background
binding while affording the advantage o f greater significance to a 50% reduction in binding
as a result of a particular treatment. In essence, this resulted in an inhibition of adherence
(IOA) which was defined as the concentration and nature of a treatment agent that reduced
the binding of the organism to the host cells by 50% or greater. In this study the presence
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o f opsonin-independent attachment of L. monocytogenes to murine peritoneal macrophages
has been established.
Receptor modification studies showed decreased adherence o f L. monocytogenes
following treatment of the host cell surface structures with formaldehyde and
glutaraldehyde. Enzyme treatment of the host cell membrane had little o r no effect on the
adhesion of the organism to macrophages while Nonidet P-40 and sodium metaperiodate
were also ineffective in influencing the microbe-host cell binding phenomenon. These
results indicated that the macrophage receptors involved in the attachment o f the organism
are protein in nature but that these are either sterically protected from the effects of
proteolytic enzymes or are present in sufficient quantities on the host cell membranes to
allow binding of listeriae to occur in numbers similar to those found in the control
macrophage cells.
Attachment o f bacteria to mammalian host cells is often mediated by sugar-lectin
interactions (31,57,103). Mannose (127) and polysialic acid (136) have been shown to
facilitate the attachment of Mycobacterium tuberculosis and Neisseria meningitidis
respectively to host cells while Salmonella typhimurium adheres to intestinally-derived cells
via the glycoconjugate receptor, Gal3(l-3)GalNAc (51). In the present study, the results
of the competitive binding assays utilizing sugars suggested a role for NAcNeu in the
binding o f L. monocytogenes to macrophages. Indeed, a strong inhibition o f attachment
(90%) was seen in the presence of 100 m M NAcNeu while other sugars tested had no
effect on the adherence process. Similar data to those reported here showed that the
addition o f NAcNeu in competitive binding assays impaired the adhesion o f strains of
Shigella dysenteriae and S. flexneri to epithelial cells (57). Results from the use of lectins
in sim ilar binding assays strongly support the involvement o f NAcNeu in adhesion. The
lectin from Maackia amurensis showed similar inhibitory effects to NAcNeu on binding of
L. monocytogenes', this lectin has a binding affinity for oligosaccharides which possess the
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terminal NAcNeu oc(2,3)Gal linkage. Wheat germ agglutinin reduced binding o f L
monocytogenes by almost 50%. This lectin has binding specificity for both NAcNeu and
NAcGlu. Limulus polyphemus lectin is known to bind to NAcNeu as well as N-acetyl
glycolylneuraminic acid. However, this lectin is extremely large, with an aggregate
molecular weight between 35-50 kDa, with four major protein bands seen on SDS-PAGE
(115) whereas the lectin from Maackia amurensis is a single polypeptide o f 8-9 kDa on
SDS-PAGE (149). Steric hindrance may therefore be an important factor in preventing the
competition of L. polyphemus lectin with the adhesins of this organism.
Bacterial surface treatments indicated a 40% decrease in the binding o f the organism
following treatment with neuraminidase when used at pH 5.0, the optimal pH for the
functioning o f this enzyme. Oxidation of the bacterial surface with sodium metaperiodate
resulted in a dose-dependent reduction in the binding o f L. monocytogenes to mouse
macrophages. Following treatment with 10, 100 and 500 mM sodium metaperiodate, this
microbial adhesion was reduced by 30%, 70% and 98% respectively. Treatment with other
enzymes and fixatives did not inhibit adherence o f the organism significantly; in contrast,
glutaraldehyde appeared to increase binding by 60% as measured by IFA. This may be due
to cross-linking of surface proteins between individual organisms and subsequent binding
of these linked listeriae to the cell surface.
Recent studies have indicated that CR3 is involved in the phagocytosis o f L.
monocytogenes by listericidal macrophages; however, CR3 is not involved in the
phagocytosis of the organism by permissive, nonlistericidal macrophages (38,40).
Accordingly, we wished to determine the effect o f the anti-CR3 M A b on adherence o f L.
monocytogenes as measured by our assay. The presence of this M A b had little or no
inhibitory effect on the binding of L. monocytogenes to macrophages in the presence or
absence of normal mouse serum. In the present study, a reduction o f 30% in the binding
of L. monocytogenes to nonlistericidal, thioglycollate-elicited macrophages was effected
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under nonopsonin-mediated conditions using anti-CR3 antibody. These results were
similar to those reported by others (37,38). However, in contrast to their reported results,
the presence or absence of normal mouse serum in our system had no effect on binding in
that approximately the same number o f listeriae bound to both groups o f control
macrophage cells. The results reported here indicate that adherence and uptake in
permissive macrophages occurs by mechanisms other than through CR3 mediation.
Significantly, NAcNeu at a concentration of 100 mM was highly inhibitory to the binding
of opsonized-Z.. monocytogenes.
In contrast to GBS, L. monocytogenes does not utilize CR3 as a means for
adhering to nonbactericidal, permissive macrophages (5,38). However, the adhesin
molecule used by listeriae to initiate the cellular infectious process was identical whether
permissive or listericidai macrophages were used as host cells. Attachment in both the
presence and absence of opsonins is strongly inhibited by NAcNeu. In addition, treatment
o f the bacterial cell surface with the carbohydrate oxidizing agent sodium metaperiodate
also inhibited listerial adhesion to macrophages. Based on our results, we propose the
involvement o f NAcNeu, a member of the sialic acid group, in the attachment of L
monocytogenes to nonlistericidal, permissive host cells. The process o f attachment
occurred through receptors other than CR3, and allowed the intracellular replication o f the
organism within host cells to proceed.
Entry of facultative intracellular pathogens into cells that are not professionally
phagocytic has been described as a multifactorial process and has been studied extensively
in Yersinia, Salmonella, and Shigella as well as Listeria. Indeed, it has been shown that
entry and subsequent internalization is effected either through a “trigger mechanism” as is
the case with Salmonella and Shigella or via a “zipper mechanism” as reported for Yersinia
and Listeria (44,66,92,138). Efforts to elucidate the nature of the bacterial ligand (invasin
protein) as well as the host cell receptor (P 1 integrin receptor) involved in the binding and
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entry of some facultative intracellular bacterial pathogens into cells has met with some
success. Indeed, the critical role o f the intemalin molecule mediating bacterial entry and
invasion of epithelial host cells has been demonstrated (46). In addition, E-cadherin. a
calcium dependent cell-to-cell adhesion glycoprotein located on the surface of epithelial
cells was shown to be the receptor for intemalin (92). Further studies have show n that the
bacterial surface protein p60 may be involved in uptake o f L monocytogenes by
transformed nonproliferating epithelial cells while the intemalin proteins InlA and InlB
mediate the invasion o f these host cells when in an actively multiplying state (147). From
the data presented here, it is possible that intemalin proteins, in addition to regulating
invasion, may also be involved in facilitating attachment to permissive peritoneal
macrophages. However, the nature o f the receptors located on macrophage membranes
involved in opsonin-independent binding remains unclear. Additional studies are in
progress to determine whether bacterial molecules other than intemalin are involved in the
attachment of L. monocytogenes to permissive macrophages. Understanding the
mechanisms by which L. monocytogenes binds to host cells both in the presence and in the
absence of opsonins is critical to elucidating the nature o f the intracellular parasitism of this
organism and may prove to be an important factor in the development o f preventative
treatment strategies for listeriosis.
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CHAPTER III

ATTACHMENT OF LISTERIA MONOCYTOGENES TO MURINE
MACROPHAGES IS MEDIATED IN PART BY SURFACE ASSOCIATED
GLYCOPROTEINS

ABSTRACT

Listeria monocytogenes is the causative agent of a wide spectrum of disease
conditions ranging from a mild influenza-like illness to meningoencephalitis, septicemia
and fetal abortion. The organism is a facultative intracellular pathogen which first adheres
to host cell membranes prior to cellular infection. The physical and chemical nature of the
cell surface-associated proteins from L. monocytogenes which are involved in the binding
to murine peritoneal macrophages in an opsonin-independent fashion were elucidated.
Crude bacterial cell surface proteins were prepared, collected by differential centrifugation
and further separated by gel electrophoresis. Binding assays were performed in suspension
with the crude extract and murine peritoneal macrophages. Several proteins (82, 65, 42,
and 33 kDa) were involved in the adherence process; however, the binding was
significantly decreased following carbohydrate oxidation or enzymatic degradation of
bacterial surface proteins. The four proteins of concern were purified and the 82 and 65
kD a proteins were further characterized as glycoproteins by lectin binding properties and
carbohydrate composition .
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INTRODUCTION

L. monocytogenes is a facultative intracellular pathogen that infects a variety o f cells
including epithelial cells, fibroblasts, hepatocytes, and cells from the mononuclear
phagocyte system (3,28,47,155). The adhesion of the organism to host cells involves
mechanisms that are complex and not well understood. L monocytogenes is the causative
agent of food-bome listeriosis, a disease which primarily affects pregnant women and
neonates. Clinical manifestations range from mild, flu-like symptoms to
meningoencephalitis and septic abortion . It has been shown that mononuclear phagocytes
constitute the major effector cells o f immunity in experimental infections (3,87).
Adherence to host cells is the necessary first step in the infectious process for many
intracellular pathogens. The molecular mechanisms by which adherence and subsequent
phagocytosis of the pathogen are effected, occur either through an opsonin-mediated
process, involving complement or antibody and their appropriate receptors on the host cell
surface, or through an opsonin-independent process in which bacterial adhesins recognize
and attach to specific host cell receptors in the absence of complement. Although
phagocytosis is well described, these binding phenomena are less well understood; whether
or not the adhesive molecules that facilitate the initial interaction between the bacterium and
the host cells is carbohydrate, protein, or glycoprotein in nature has not been shown.
Carbohydrate moieties covalently linked to proteins are found on nearly all eukaryotic cell
surfaces. Until recently the smdy o f glycoconjugates present on extracellular surfaces to
prokaryotes has received little attention. As focus continues in glycobiology the complexity
and biological significance of such molecules has opened new avenues of smdy. These
glycoproteins facilitate several crucial biological functions including molecular stability ,
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cellular recognition, intercellular adhesion via ligand receptor interaction, and establish
membrane charge(7,35,50,l 10). Specific interest in the biological role o f glycoproteins in
host-parasite interactions remains the focus o f this investigation. Many bacterial proteins
have been implicated in the attachment to host cells. This smdy proposes and supports
findings that bacterial glycoproteins extracted from the bacterial cell facilitate binding to
murine macrophages. Hence the present smdy investigated the role o f glycosylated
proteins in opsonin-independent binding o f L. monocytogenes to murine peritoneal
macrophages.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The fully virulent strain, U N H N Y 89,
o f L monocytogenes serotype l/2b was isolated on blood agar from the cerebrospinal fluid
of a fatal case o f neonatal meningoencephalitis. This isolate was subcultured once on
Trypticase-soy agar and stored as stock cultures frozen at -70°C in 1% serum-sorbitol.
Virulence was periodically assessed using the fertile hen’s egg method (10). Thaw ed
aliquots of the frozen stock were plated on Trypticase-soy agar and incubated overnight.
Colonies were harvested, resuspended in Trypticase-soy broth and cultured for 8.5 h in a
shaking incubator at 37°C. Organisms were collected by centrifugation at 10,000 x g,
washed with serum-free H anks’ balanced salt solution (HBSS) (Sigma, St. Louis, M O.),
and resuspended in HBSS to give 1 x 109 CFU/ml prior to the inoculation o f macrophages.

Collection and cultivation of murine peritoneal macrophages. B alb/c mice
of both sexes were used at 3-6 m o f age. Animals were housed at the University o f New
Hampshire animal maintenance facility according to Animal Care and Use Committee
guidelines (HHS/NIH publication #85-23; license # 950101). Murine peritoneal
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macrophages were elicited by intraperitoneal injection o f each mouse with 2 ml o f 4%
thioglycollate broth aged for a minimum of 3 m. Mice were sacrificed by carbon dioxide
asphyxiation 2.5 to 3.5 d post-stimulation, and peritoneal exudate cells were extracted in
HBSS using three 10-ml peritoneal cavity lavages. The cells were pooled, centrifuged at
220 x g for 10 min and resuspended in RPMI-1640 cell culture m edium containing 10%
heat-inactivated fetal bovine serum (HI-FBS) (Sigma). Cells were enumerated using a
hemacytometer.

Agglutination assay. Lectins as depicted in Table 1(E-Y Laboratories) were used
in an agglutination assay. Lectins were serially diluted from 125jig in PBS in round
bottom microtiter plates and formalin-killed L. monocytogenes (approx. 109/ml) stained
with 0.05% safranin were added to control (no lectin) and lectin containing wells.
Microdter plates were gently agitated, sealed with tape to prevent drying and incubated at
37°C for 1 h, placed at 4°C overnight, and observed.

Cell wall protein isolation. Cell wall rich proteins were prepared as described by
Belyi (12). Trypdcase soy broth was seeded with 5 X 105 organism s/m l in 1 L batch
cultures and shaken at 200 rpm at 37 °C for 12 h. Bacterial cultures were collected by
centrifugauon at 10,000 x g for 10 min at 4°C. The bacterial cells were washed three dmes
by resuspension in phosphate buffered saline (pH7.2) followed by centrifugation. Upon
the compledon of the final wash, bacterial cells were resuspended in 50 ml (1/20 o f the
original broth culture volume) o f PBS. The bacterial cell suspension was subjected to five
inidal passes through the French pressure cell, each pass attaining a minimum o f 10,000
psi. Unbroken bacterial cells were collected by centrifugauon at 3000 x g for 20 min at 4°C
and resuspensed in 20 ml of PBS and then subjected to three more passes through the
French pressure cell as previously described until all bacterial cells were disrupted. The
59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

resultant supernatant fluid was centrifuged at 18,000 x g for one h at 4 °C. The crude cell
wall fractions were washed twice in PBS and resuspended in 10 ml (1/100 o f the initial
broth culture volume) solution contains ImM EDTA and 150 mM NaCl. Native cell wall
proteins were retained in ImM EDTA and 150 mM NaCl in the absence of detergent and
kept frozen at -20° C until further use.

Soluble binding assay. Thioglycollate-elicited m acrophages (1.5 X 107) and
extracted cell wall proteins (1 mg/ml) from L. monocytogenes were each blocked for 4 h in
1 ml o f 5% gelatin in PBS. Macrophages were centrifuged at 220 x g for 10 min in two
aliquots; one was resuspended in crude cell wall extract while the other served as the
negative control in 5% BSA in PBS. The suspensions were mixed and subjected to gentle
end over end rocking for 4 h at 37°C. The macrophages were harvested by centrifugation
at 220 x g for 10 min and washed 4X by resuspension in PBS. Macrophage cells were
then resuspended in 50 pi of 2X sample buffer and boiled for 1 min solubilizing proteins
and resulting in the elution o f bacterial adhesive ligands from host cells. Folowing
centrifugation at 220 x g for 10 m the supemates containing the eluted bacterial proteins
were retained for SDS-PAGE analysis.
Ten microliter samples of the bacterial eluted protein(s) and negative control were
separated electrophoretically by 12% SDS-PAGE (mini-gel apparatus from Hoeffer™).
Proteins were electro-transferred to nitrocellulose, blocked in 5% skim milk in PBS for 1 h
with gentle rocking, followed by a 2 h incubation with rabbit polyclonal anti-L
monocytogenes antiserum at a 1:000 dilution. Unbound globulin was removed with 3X
washes in PBS, and goat anti-rabbit horse-radish peroxidase was added at 1:2,000 dilution
in 1% skim milk in PBS. Three 10 min washes were perform ed on the membrane with
PBS supplemented with 0.05% Tween-20, followed by one wash in PBS alone. All
washes and probing steps were performed in 20 ml volumes. The isolated listerial ligands
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that bound to macrophages were visualized using chemiluminescence (Pierce, Rockford,
IL).

Enzymatic and metaperiodate carbohydrate cleavage. N -lin k ed
oligosaccharides were cleaved from extracted cell proteins (or suspected glycoproteins)
with Peptide:N-gIycosidase F (PNGase F) (Sigma, St. Louis, MO). Cell wall protein (200
pg in 65 pi) was heat denatured for 5 min in 0 .1M 2-Mercaptoehtanol/0.5% SDS. The
sample was cooled, and 0.1M 1,10-phenanthroline, 10% Nonidet P-40, 0.5M Tris-HCl,
and 250 mU/ml of PNGase F were added to the sample and incubated at 37°C overnight.
The enzyme was heat inactivated by boiling for 5 min. Neuraminic acid suspected
glycoproteins from soluble binding assays were cleaved using I U/ml o f Neuraminidase
(Sigma). A third aliquot of listerial cell wall proteins was subjected to carbohydrate
oxidation with 30 mM sodium metaperiodate in water (pH 5.5) for 20 min in the dark at
room temperature. Sodium metaperiodate was inactivated by the addition of 20 m M
sodium metabisulphite in acetate buffer (200 mM sodium acetate, 200 mM acetic acid, pH
5.5) for 5 min. Reagents were also added to the control group of proteins but without the
respective enzymes or oxidizing agent. The treated proteins were subsequently used in
soluble binding studies and detected as described in the previous section.

Glycoprotein detection. Proteins found to exhibit binding to m acrophages as
determined by soluble binding assays were electroeluted from Coomassie Blue R -250
stained polyacrylamide gels in 25 mM Tris base, 192 mM Glycine, and 0.1% SDS buffer
for 3-5 h (Biorad Model 422 Electro-Eluter) and the buffer exchanged with PBS. The
eluted proteins were used in subsequent glycoprotein detection and lectin binding assays.
To 0.01 - lOpg of pooled eluted protein sample (lOjil) was added an equal volume o f 200
mM acetate buffer pH 5.5. Ten jil of 30 mM sodium metaperiodate prepared in distilled
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water was added to the sample, mixed, and incubate at room temperature for 20 min in the
dark. Ten (il of 20 mM sodium m etabisulphite prepared in 200mM acetate buffer pH 5.5
was then ad d ed , mixed, and incubated for 5 min. Next, 5 p i o f 5 mM biotin hydrazide
was added to the reaction, mixed, and incubated at room temperature for 60 min.
Ovalbumin was prepared in the sam e m anner with sodium metaperiodate oxidation for the
positive control, and in the absence o f sodium metaperiodate for the negative control in this
assay. Fifteen Lil of 4x sample buffer was added to each preparation and all heated to
100°C for 4 min. Each sample was loaded onto a 1.0 mm minigel containing a 5%
stacking and 12% separating gel as described by Lammelli (75). Seperated proteins were
electrotransfered to a methanol prewetted polyvinylidine diflouride membrane as described
by Towbin (145). After protein electrotransfer, the membrane was blocked in 20 mis o f
5% skim milk in PBS for 1 h. The membrane was briefly rinsed twice in PBS then
washed 3X for 10 min each with fresh changes in PBS. The membrane was incubated in
20 mis of 1:2000 dilution of the streptavidin-HRP conjugate in 1% skim milk/PBS for 2 h.
The membrane was briefly rinsed twice in PBS then washed 3X for 10 min each with fresh
changes in PBS. Glycoproteins were detected using ECL glycoprotein system kit and ECL
chemiluminescence (Amersham).

Bacterial glycosylation inhibitor treatment and adherence assay - ELISA.
L. monocytogenes cultures were grow n for 8.5 h in the presence of a sublethal
concentration (1 jig /m l) of glycosylation inhibitors (Sigma). Table 1 lists the inhibitors
tested. Growth studies with L. m onocytogenes were first performed in the presence o f
increasing concentrations (0.5, 1, and 10 pg/ml) o f glycosylation inhibitors to evaluate
influence on organism numbers. A concentration that did not inhibit growth was
subsequently used in all assays. U ntreated bacteria were maintained in PBS for subsequent
infection assays. Bacterial cultures were treated with the agents listed in Table 1 for the
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duration o f growth (8.5 h), washed 3 X in PBS , and used to infect macrophages.
For enzyme-linked immunosorbent assay (ELISA), a 96-well plate was seeded with 1 x
105 macrophages/well in PBS and allowed to dry overnight at room temperature. These
macrophages were inoculated at a multiplicity of infection (MOI) o f 100 for 2 h following a
1 h blocking step in 5% bovine serum albumin (BSA) in PBS at room temperature. Non
adherent bacteria were removed by 3X washes in PBS and then fixed in 100% methanol
for 10 min at 25°C. After fixing, the cells were washed with PBS and rabbit polyclonal
anti-Z.. monocytogenes antiserum was added at a 1:2000 dilution in 1% BSA in PBS for 2
h at 25°C. Unbound globulin was removed with 3X washes in PBS, and goat anti-rabbit
horse-radish peroxidase was added at a 1:10,000 dilution in 1% BSA/PBS for 2 h at 25°C.
Fifty microliters of the substrate, 2,2’ azino-bis (3-ethylbenzthiazoline-6-sulfonic acid
(ABTS)(Sigma) in 0.05 M phosphate-citrate buffer, pH 5.0, plus 30% hydrogen peroxide
(HnO?) diluted 1:1000 , were added to each well and incubated for 15-30 min. Bacterial
attachment was measured using a microplate reader (Bio-Rad, Hercules, CA) at OD ^
Adherence of treated and untreated organisms to macrophages was compared.

Lectin probe of isolated Listerial cell wall proteins. C rude cell wall
prepared proteins were subjected to SDS-PAGE separation, and the proteins transferred to
nitrocellulose. Membranes were blocked in 5% skim milk + 0.1% Tween-20 for 1 h. A
sialic acid specific lectin (Table 2) from Maackia amurensis conjugated with horse-radish
peroxidase was used to probe the proteins at a 1:100 dilution in 1% skim m ilk + 0.1%
Tween-20 for 1 h at room temperature. The membrane was washed 3X with 10 min
washes in PBS. Lectin bound proteins were visualized by chemiluminescence.
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.

Table 1. Inhibitors of N-Linked G lycosylation
Inhibitor Type

Target Enzyme

Effect on Oligosaccharide Structure

GlcNAc transferase

Prevents assembly o f GlcNAc-PPdolichol and thus assembly of

Glycosylation inhibitor
Tunicamycin

-Glc3Man9GlcNAc2-PP
dolichol; glycosylation of Asn
residues is prevented; sensitive to
PNGase treatment

Processing inhibitors
Terminal glycosylation inhibition

Brefeldin A

Deoxynojirimycin

Glucosidase 1/ H

Castanospermine

Glucosidase 1/ II

Bromoconduritol

Glucosidase 1/ II

Deoxymannojirimycin

a-m annosidase I

Monensin

ct-mannosidase I

Swainsonine

a-m annosidase II

Prevents removal of first glucose
residue, therefore inhibiting further
processing of the oligosaccharide
chain; sensitive to endo H digestion

Prevents removal o f mannose
residues on a 1-3 arm o f the high
mannose structure therefore blocking
the activity of GlcNAc T I and thus
a-mannosidase II; terminal
glycosylation inhibition; sensitive to
endo H digestion
Prevents removal o f mannose
residues on a 1-6 arm of the high
mannose structure therefore blocking
the activity of GlcNAc T I I and V
(adds GlcNAc to the a - 1-6 mannose
residue); addition o f GlcNAc,
galactose, and sialic acid to the a - 1-3
mannose can occur normally;
sensitive to endo H digestion________
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T o ta l c a rb o h y d ra te estim atio n . The amount o f carbohydrate associated with
the protein was estimated using a kit (Pierce, Carbohydrate Estimation Kit, Rockford, IL).
Total carbohydrate percentage estimation was performed on eluted bacterial proteins that
exhibited binding to macrophages and were determined to be glycoproteins as described in
the previous section In brief, a standard curve was generated using proteins w ith know
protein and carbohydrate composition. Glycoproteins including ovalbumin, apotransferrin,
fetuin, and c^-A cid glycoprotein, along with unknown bacterial binding proteins were first
oxidized in microtiter wells with 10 mM sodium metaperiodate, incubated at room
temperature for 10 min, followed by the addition o f 0.5% aldehyde detection reagent
(Pierce) and incubated at room temperature for 1 h. Microtiter plate was read
spectrophotometrically at 562 nm and a standard curve generated to interpolate unknown
carbohydrate percentage.

RESULTS

A gglutination o f L isteria by lectins. O f the lectins investigated, the lectin
Maackia amurensis demonstrated an agglutination reacuon at concentradons o f 125 (ig and
62 jig with formalin killed, safranin stained L. monocytogenes cells. The oligosaccharide
binding recognition of Maackia amurensis is the a(2,3) linked sialic acid residues and
indicated the presence of surface associated sialic acid on L. monocytogenes (Table 2).
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Table 2. Lectin Recognition and Agglutination Assay

Lectin Source

Common Name
(Abbreviation)

Oligosaccharide
Recognition

Agglutination
Reaction

Canavalia ensiformis

Con A

Lim ulus polyphemus

LPA

NeuNAc i, N euGNAc3

Maackia amurensis

MAA

N euN A c(a2,3)G al3

Tricitum vulgaris

W GA

M a n 4(p 1,4)G1 c N A c (6 1 ,4 )G 1 c N A c 5

Branched N-linked hexasaccharides

+

i NeuNAc, N-acetyl neuraminic acid; - NeuGNAc, N-acetyl glycolylneuraminic acid; 3
Gal, galactosam ine;4 Man, m an n o se;5 GlcNAc, N-acetyl glucosamine. + Agglutination
was observed at concentrations o f 125 (ig and 62.5 (ig; no other dilutions presented with
agglutination.
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Soluble binding assay and carbohydrate cleavage. Crude cell wall
proteins from L. monocytogenes are shown in duplicate in Figure 1. These proteins were
incubated with whole murine peritoneal macrophages in a soluble binding assay and after
the bacterial ligands that attached to the macrophages were subsequently released from the
macrophage by sample buffer treatment. The treated samples were subjected to SDSPAGE and the proteins were and electro-transferred to nitrocellulose. Several proteins o f
approx. 82, 65. 42, 33 kDa were noted to be involved in facilitadng attachment to murine
macrophages (Figure 2). In addition, the same cell wall proteins when subjected to 2D
electrophoresis using a 5-7 ampholine gradient, electro-transferred to nitrocellulose, and
probed with biotinylated macrophages (100 (ig/ml) revealed a single 82 kDa protein (figure
not shown). Furthermore, bacterial cell wall proteins pretreated with PNGase,
neuraminidase, and oxidized with sodium metaperiodate (not shown on this figure) prior to
initiating a soluble binding assay, demonstrated a marked loss of the listerial proteins to
bind host cells.

Glycoprotein detection. The use of sodium metaperiodate to oxidize carbohydrate
moieties, followed by the addition of biotin hydrazide and detection using streptavidinHRP demonstrated the presence of two major surface-associated glycoprotein adhesins
(Figure 3). These proteins were previously shown to bind to macrophages. Furthermore,
they represent the 82 and 65 kDA high molecular mass proteins sensitive to PNGase and
neuraminidase digestion as seen in Figure 2. The 45 kDa positive control glycoprotein,
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kDa

Figure 1. Duplicate wells of cell wall rich proteins of
L. monocytogenes following preparation using a French
pressure cell. Lane 3 are molecular mass markers.
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Figure 2. Proteins from soluble binding assay electrotransfered to nitrocellulose and
probed with polyclonal whole L. monocytogenes antibody. Lane 1, pre-stained
molecular mass markers; lanes 2 & 3; PNGase treated proteins prior to binding assay;
lanes 4 & 5; neuraminadase treated proteins prior to assay; lanes 6-9; control proteins
for binding assay. Note carbohydrate cleaving enzymes diminished ability o f cell wall
proteins to bind whole macrophages. Sim ilar results obtained with prior oxidation with
sodium metaperiodate. (Lanes 2,4,6,8 were pellet samples; lanes 3,5,7,9 were
supemates)
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Figure 3. Glycoprotein detection. Lane 1, positive control, oxidized
ovalbumin; lane 2, negative control, non-oxidized ovalbumin; lane 3
eluted binding proteins of Listeria .
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ovalbumin, was clearly detected using this technique.

Effect of glycosylation inhibitors on the attachment o f L.
m onocytogenes to macrophages. L. m onocytogenes grown in the presence o f
sublethal concentrations ( I {ig/ml) of glycosylation inhibitors revealed that tunicamycin and
castanospermine diminished the ability o f the organism to bind to macrophage surfaces by
77 and 60% (p < 0.0006) respectively when compared to control organism s (Figure 4a).
In addition, a dose-dependent reduction in adherence was seen with tunicamycin treated
cells (Figure 4b). The role of these eukaryotic glycosylation inhibitors has been well
studied; however, little is know whether these agents may also serve sim ilar roles in the
prokaryotic model. These findings may allow one to extrapolate potential glycosylation
pathways in prokaryotic organisms.

Total carbohydrate estimation. A standard curve was generated with
specified glycoproteins where protein concentration and carbohydrate compositions were
known. A spectrophotometric assay using sodium metaperiodate and an aldehyde detecting
reagent was used to determine the percent composition of the suspected glycoproteins from
the surface of L. monocytogenes. Fig. 5 depicts the resulting standard curve from this
assay and the calculated percent carbohydrate for the suspected 82 and 65 kDa
glycoproteins were determined to be 7.58% and 10.9% respectively.
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Treatment

Figure 4a. Effect o f glycosylation inhibitors on the
attachment of L. monocytogenes to macrophages.
Listeriae were grown in the presence of lpg/m l of the
above agents and subsequently used in attachment
studies.
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F ig u re 4b. Effect of tunicam ycin treatm ent on L. m onocytogenes
attachment to macrophages. Note the dose-dependent reduction in
adherence in the presence of this glycosylation inhibitor.
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Figure 5. Estimation o f total carbohydrate (standard curve).
Based on known carbohydrate percent composition o f ovalbumin
(3.2%), apotransferrin (5.8% ), fetuin (22.9%), and cq-acid
glycoprotein (41.4%). The preceeding carbohydrate percentages
based on 2.5 mg/ml o f each protein standard.
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Lectin Probe of Listeria Ceil Wall Proteins. A sialic acid specific lectin derived
from Maackia amurensis possesses oligosaccharide specificity for terminal sialic acid a
(2,3)Gal linkages. By chemiluminescence five major bands (102, 82, 78, 31, 29 kDa)
indicated the presence of sialated glycoproteins on the surface of the organism
(Figure 6).
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F ig u re 6. Cell wall proteins electrotransferred to
nitrocellulose and probed with Maackia amurensis
agglutinin (MAA) conjugated with HRP and visualized
by chemiluminescence (lane 2). Lane 1 are pre-stained
molecular mass markers. Note several bands showing
specificity for MAA suggesting the presence of
glycoproteins with NAcNeur ( a 2,3)-galactose
linkages on the surface of the organism.
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D ISC U SSIO N
Adherence o f L. monocytogenes to host cell macrophage surfaces occurs in an
effective manner in an opsonin-independent process, in which adhesins present on the
bacterial cell surface recognized host cell receptors. W ork in my laboratory demonstrated
that sialic acid was involved in bacterial adherence to macrophages (88). This suggested
the possible involvement of surface associated glycoproteins as adhesive ligands for murine
macrophages. The present study suggested a role for surface located glycoproteins in
adherence. Through the use o f agglutination assays, soluble binding studies, lectin
affinity, glycoprotein detection, and carbohydrate estimation, it was determined that
glycosylated moities were indeed present on the surface of the bacteria and played a crucial
role in attachment. The simplest manner to evaluate whether surface-associated
glycoconjugates were present on Listeria was to perform an agglutination assay. Lectin
agglutination reactions were positive only for MAA, suggesting the presence o f terminally
linked sialic acid on the organism.
Soluble binding assays revealed four major proteins from the surface o f the
organism with molecular masses o f 82, 6 5 ,4 2 , and 33 kDa. These proteins were able to
directly bind to host cell surfaces. In addition, a dose dependent reduction in attachm ent
was noted when the bacterial cells were treated with sodium metaperiodate (Chapter II)
(88). Gel purified bacterial attachment proteins were also subjected to carbohydrate
specific cleavage with PNGase, neuraminidase, and oxidation with sodium metaperiodate.
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The carbohydrate cleaving enzymes and sodium metaperiodate diminished the ability of
certain proteins from binding to host cells. The low molecular mass proteins (42 and 33
kDa) were not affected by the treatment regimes. However, the 82 and 65 kDa proteins
which were determined to be glycoproteins as determined by ECL Glycoprotein detection
system in this study were sensitive to carbohydrate digestion. As was shown in previous
studies (Chapter II) (70) sialic acid played a major role in the adherence o f L
monocytogenes to murine macrophages. It is therefore conceivable that the glycosylated
moieties that are located on these proteins may be sialic acid derivatives where the presence
o f sialic acid specific proteins bound to the M AA lectin. An 82 kDa protein was one
protein involved in binding to macrophages which appears to be a sialoprotein, however,
the carbohydrate linked to the 65 kDa adhesin protein remains to be elucidated.
Glycoproteins are widely distributed in nature and their functions are diverse.
Glycoproteins consist of a polypeptide backbone covalently linked by carbohydrate
moieties. The carbohydrate associatedwith a glycoprotein may range from less than one
percent up to 80% of the total composition o f the molecule. In the present study the newly
revealed glycoproteins comprised nearly 8% and 11% of the entire protein molecule,
therefore it is perhaps expected to see a dramatic decrease in the attachment process when
enzymatic or oxidative damage is imparted on these glycoproteins. In previous studies,
(Chapter II) (88) it has been shown proteolytic treatment o f the bacterial cells does not
significantly diminish the organism’s ability to bind, but, the carbohydrate moieties appear
to be playing a key role in the initial interaction and communication with the host cell,
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which in turn may facilitate the pathogenesis o f this organism.
Glycobiology has been and continues to be well studied in the eukaryotic system.
Less well understood is whether bacteria also have the ability to glycosylate proteins. Until
recent years, the scientific community did not readily except that bacteria have the ability to
glycosylate proteins, largely because they lack the machinery used by eukaryotes.
However, works by several researchers ranging from a major outer membrane glycoprotein
of Chlamydia trachomatis which facilitates attachment to HeLa cells, to the glycosylated
pilin of Neisseria meningitidis which has been shown to facilitate adherence to human
epithelial and endothelial cells have been reported (36,41,74,76,144,148).
In this study the use o f complex eukaryotic glycosylation processing inhibitors
(Figure 7) were used to provide an extrapolative approach to understanding the
mechanisms or pathway in which bacteria glycosylate proteins. Tunicamycin, an early
glycosylation pathway inhibitor, was effective in the reducing attachment to host cells. It
appears with the lines of evidence presented that bacterial glycosylated proteins were
important mediators in attachment, and with the absence o f the glycosyl moiedes the
bacterial proteins were not able to bind effecuvely. Although preliminary in the field of
bacterial glycosyladon, there remains considerable work to elucidate the precise locadons
and pathways in which L. monocytogenes glycosylates proteins. There are significant
implicadons of understanding the pathobiology o f this work, none more important than
creadng a novel and effective approach towards treatment regimes against L
monocytogenes infection.
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ju o u te j

Figure 7. N-Iinked glycosylation pathway. Adapted from Tanzer et al. (140)
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CHAPTER IV

LISTERIA MONOCYTOGENES AND GROUP B STREPTOCOCCI SHARE
COMMON RECEPTORS FOR ATTACHMENT TO MACROPHAGES

ABSTRACT
Listeria monocytogenes and group B streptococci are pathogenic organism s that
cause similar diseases in neonates and immunocompromised individuals. These organisms
share genetic similarity at the level of 16s RNA. The mechanisms o f bacterial attachment of
these organisms to macrophages are not completely understood. This study was
undertaken to determine if these organisms adhere to the same receptors on macrophages.
Listeria was able to bind to phorbol myristate acetate-treated and -untreated U937 cells in a
dose-dependent manner as measured by flow cytometry. Complement receptor type 3 was
not the primary receptor for attachment o f Listeria to polymorphonuclear leukocytes
deficient in CR3 expression as measured by flow cytometry. Previous studies have shown
similar results for GBS. Competition ELISA assays showed that Listeria could inhibit
attachment of GBS to U937 cells in a dose-dependent manner; the reverse situation yielded
the same results. Soluble binding assays revealed that Listeria and GBS bind to 3 proteins
from U937 cells with molecular masses o f 60, 55 and 20 kDa. In addition, the sam e 60 and
55 kDa proteins were found to bind Listeria and GBS from thioglycollate-elicited murine
macrophages, while non-elicited macrophages bound both organisms by an 85 kD a
molecule. These results indicate that GBS and Listeria use the same receptors for adhesion
to macrophages.
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INTRODUCTION

Microbial adhesion is an important stage in the successful colonization and
dissemination of microorganisms in the host (11). In addition, bacterial adherence to host
immune cells, such as macrophages, is an important step in the clearance o f
microorganisms from the host’s body or to establish an intracellular state (95). The
mechanisms that mediate bacterial adherence to host cells are not clearly understood and can
vary from organism to organism. This study was undertaken to determ ine if the same
receptors on phagocytic cells recognize and bind two different but some what related
microorganisms, group B Streptococcus and Listeria monocytogenes.
Group B streptococci (GBS) are gamma-hemolytic, Gram-positive cocci that are
recognized as major neonatal pathogens (1) and increasingly as a pathogen in
immunocompromised adults (67,104,123). In the neonate, this group is primarily
responsible for meningitis and bacterial sepsis (101), whereas in the adult the
manifestations of disease can be infective endocarditis, urinary tract infections, pneumonia
and septicemia (104,123) The molecular events leading to recognition o f GBS by
macrophages are not clearly understood. Investigators (5,133) have shown that CR3 may
be involved in the attachment of GBS to macrophages in the absence o f exogenous
opsonins. In this study 100% inhibition o f attachment was not achieved with blocking
antibodies to the CR3 components, indicating the involvement of additional receptors.
L. monocytogenes is a facultatively anaerobic, nonsporeforming, Gram-positive
rod that grows in the temperature range o f -0.4°C to 503C. This organism s usually causes
disease in individuals with certain underlying conditions such as pregnancy, neoplastic
disease, diabetes mellitus, alcoholism, cardiovascular disease and AIDS (43,128). These
conditions cause suppression of the im mune system and increase the chances of listeriosis.
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In nonpregnant adults, the clinical symptoms of listerial infection include central nervous
system infections and primary bacteremia. Both endocarditis and meningitis are common
manifestations of listeriosis in adults (43,128). Listeriosis may develop at any time during
pregnancy, although most infections are detected in the third trimester.
Studies with Listeria have focused on how this organism is able to evade the host’s
immune system. Once Listeria enters the macrophage it can readily lyse the phagosome
allowing the organism to replicate inside the cytoplasm (96,141). The exact mechanisms
that mediate binding and phagocytosis o f Listeria are not entirely understood. Drevets and
Campbell (37) have shown that listericidal macrophages, susceptible to intracellular
infection, use CR3 as the major phagocytic receptor to bind and internalize Listeria. In
contrast, in nonlistericidal macrophages CR3 plays only a small role in attachment and
phagocytosis of Listeria (38). Drevets and Campbell further showed that CR3-mediated
phagocytosis of Listeria was required for macrophages to kill this organism and that
phagocytosis through other receptors leads to permissive growth.
Individuals having decreased expression (< 2%) of the heterodimeric (3-, integrin
(CD 18) on the surface of their phagocytic cells, have impaired leukocyte function and as a
result are prone to recurrent bacterial infections (73,131). Consequently, a model of
bovine leukocyte adhesion deficiency (LAD) was investigated to further evaluate the role of
(3-, integrins in the attachment of GBS and Listeria to phagocytic cells. LAD is an
autosomal recessive trait phenotypically characterized by a defect in CD 18.

This study

was undertaken to determine if Listeria and GBS, organisms similar at clinical (43,128)
and genetic levels (26), are able to adhere to bovine PMNs, U937 cells, thioglycollateelicited murine peritoneal macrophages, and resident peritoneal macrophages by the same
molecular mass protein (s).
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MATERIAL AND METHODS

Bacterial strains and culture conditions. GBS type III, designated CO H 31,
was kindly provided by Dr. Dennis Kasper, Channing Laboratory (Harvard Medical
School). This strain was originally isolated from an infant with meningitis (69). Bacteria
were maintained as a frozen stock in Todd Hewitt Broth (THB) (Difco Laboratories,
Detroit, MI) supplemented with 10% DMSO. For use in attachment studies, frozen stock
was thawed and plated on blood agar. A single colony was used to inoculate 10 ml o f
THB and the culture was incubated overnight at 37°C. One milliliter of the overnight
culture was added to 10 ml of THB. The cells were incubated at 37°C for 2 h, after which
the resulting culture yielded approximately I09 CFU/mi.
The fully virulent strain, UNHNY89, o f L. monocytogenes serotype l/2b was
isolated on blood agar from the cerebrospinal fluid of a fatal case of neonatal
meningoencephalitis. This isolate was subcultured once only on Trypticase-soy agar
(Difco Laboratories, Detroit, M I and stored as stock cultures frozen at -70°C in 1% serumsorbitol. Virulence was periodically assessed using the fertile hen’s egg method (10) and
the LD50 in this system remained at approximately 21 CFU throughout the study period.
Aliquots thawed from -70=C were plated on Trypticase-soy agar and incubated overnight.
Colonies were harvested, resuspended in Trypticase-soy broth and cultured for 8.5 h in a
shaking incubator at 37°C. Organisms were collected by centrifugation at 10,000 x g,
washed with serum-free Hanks’ balanced salt solution (HBSS) (Sigma, St. Louis, M O.),
and resuspended in HBSS to give 109 CFLVml prior to the inoculation o f macrophages.
Overnight cultures o f Bacillus subtilis WT168, Salmonella typhimurium 14028, Shigella
flexneri, and Escherichia coli 12435 in T-soy broth were also prepared as described above
to yield approximately 109 CFU/ml.

87

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

Cell lines, collection and cultivation of murine peritoneal
macrophages. U937 cells (137) were obtained from the American Tissue Culture
Collection (ATCC, Rockville, M D) and were grown in Dulbecco’s minimal essential
m edium (DMEM) supplemented with 10% heat inactivated fetal bovine serum (HIFBS)(Sigm a, St. Louis, M O), penicillin/streptomycin (Gibco, Gaithersburg, MD), and Lglutamine (Gibco).
Balb/c mice of both sexes were used at 3-6 m of age. Animals were housed at the
University o f New Hampshire animal maintenance facility according to Animal Care and
Use Committee guidelines (HHS/NIH publication #85-23, license # 950101). Murine
peritoneal macrophages were elicited by intraperitoneal injection o f each mouse with I ml
o f 4% thioglycollate broth aged for a minimum o f 3 m. Mice were sacrificed by carbon
dioxide asphyxiation 2.5 to 3.5 days post-stimulation, and peritoneal exudate cells were
extracted in HBSS using three 10-ml peritoneal cavity lavages. The cells were pooled,
centrifuged at 220 x g for 10 min and resuspended in RPMI-1640 cell culture medium
containing 10% heat-inactivated fetal bovine serum (HI-FBS) (Sigma). Resident murine
macrophages were collected as previously described, without prior stimulation. Collected
cells were allowed to adhere to T-75 cell culture flasks (Costar, Fisher, Springfield, NJ)
for 6-8 h in the presence of 5% C O , Unbound cells were removed with three washes with
HBSS. Ten ml of a solution o f EDTA (0.5 mM) in PBS were added to the monolayer and
allowed to stand for 30 min. Cells removed from the flask with physical disruption were
washed as described previously before use in attachment studies.

Bacterial labeling with biotin and fluorescein isothiocyanate (FITC).
Cultures of Listeria and GBS were prepared as previously described. The bacteria were
washed extensively (3X) in phosphate-buffered saline (PBS) and pelleted by centrifugation
(10,000 x g). At this point the bacteria were either labeled with biotin for competition
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studies or with FITC for flow cytometry studies.
Washed Listeria and GBS ( 1010 cells) were labeled either with bioun (Pierce,
Rockford, EL) at 0.1 mg/ml or FITC (1 mg/ml) in 1M N a C 0 3 pH 9.0, for 1 h at room
temperature, in the dark, with gentle rocking. Unlabeled biotin or FITC was removed with
4 PBS washes.
Bacteria were labeled fresh for each competition and flow cytometry experiment.

Isolation of Bovine PMNs. Bovine blood sam ples from normal (designated
1608 and 1306), carrier (73) and BLAD (131) cows were provided by Dr. Marcus Kehrli
(National Animal Disease Center-USDA, Ames, LA). Bovine PMNs were collected by
centrifuging whole blood (diluted 1:3 in PBS) through Histopaque-1077 (Sigma) at 850 x
g for 30 min. The bottom layer containing PMNs was retained and red blood cells lysed
with cold sterile water. Isotonicity was immediately restored with the addition of
phosphate buffered saline (PBS). PMNs were isolated following a 10 min centrifugation at
300 x g. PMNs were maintained at room temperature and prepared for immediate use in
either flow cytometric analysis or soluble binding assays.

Biotin-labeling and cell lysate preparations of U937 cells and murine
peritoneal macrophages (thioglycollate and non-elicited cells). Cells (107/m l)
were labeled with biotin for soluble binding assays. Biotin (0.1 mg/ml) was added to cells,
incubated for 1 h at room temperature in the dark with gentle rocking. The cells were
washed 4X with PBS to remove the excess biotin. After the final wash, 1 ml o f 0.1%
sodium dodecyl sulfate (SDS) and 1.0% Triton X-100 in PBS was added to pelleted cells.
The cell mixture was stored at -70°C; thawed cell lysates were centrifuged to remove
nuclear material and the resulting crude membrane preparations were utilized in soluble
binding assays.
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Immunostaining with GBS and L isteria - FITC. Aliquots o f bovine PM N
suspensions, untreated U937 cells or phorbol myristate acetate (PMA) treated U937 cells
( 106 cells) were added per well to 96-well V-bottom plates, followed by the addition o f 20(il of the appropriate GBS or Listeria- FITC dilution. For PMA treatment, U937 cells (107
cells) were incubated with 10'8 M PMA (Sigma) in DMSO for 24 h in unsupplemented
DMEM, followed by 3 washes in PBS. Cell numbers were adjusted appropriately. After
incubation at room temperature for 30 min, cells were washed with PBS and centrifuged at
700 x g for 2 min and the plates were inverted to remove the fluid. The washed cells were
fixed with 200 pi of 0.5% paraformaldehyde in PBS and stored at 4°C in the dark until
analyzed by flow cytometry. Prior to analysis, the samples were transferred to 5-ml Falcon
tubes (Fisher Sciendfic, Pittsburgh, PA).

Flow cytometric analysis of attached GBS and L iste ria . Adherence of
GBS and Listeria to bovine PMNs and U937 cells was measured using the FACScan™
flow cytometer (Becton Dickinson). Data from 10,000 events per sample were acquired.
Lysis H™ software (Becton Dickinson) was used for GBS and Listeria fluorescence
analysis. PMNs were gated out from other leukocyte populations via scattergrams based
on their forward and side scatter characteristics. The FITC fluorescence histograms o f cells
in the gated region were plotted, and mean fluorescence intensities (MFI) computed in the
geometric linear mode. Histograms were plotted for each cow and U937 preparation that
represented background fluorescence for GBS and Listeria fluorescence. Further analysis
was performed using Statview™ software. Linear regression analysis was performed on
the results from the binding and competition studies.
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Competition studies. For the enzyme-linked im munosorbent assay (ELISA)
PMA-treated U937 cells, untreated U937 cells (1 x 105 cells/well), and thioglycollate
elicited murine peritoneal macrophages were plated into separate 96-well ELISA plates
(Immunolon; Dynatech, Chantilly, VA). The cells were dried overnight at room
temperature. The microtiter wells were blocked with 5% bovine serum album in (BSA) in
PBS for 1 h at room temperature. Unlabeled-bacteria (GBS, Listeria, B. subtilis WT168,
S. typhimurium 14028, S. flexneri, and E. coli 12435), at various dilutions, were added to
the assay wells containing U937 cells or murine macrophages and the plates were incubated
for 2 h at room temperature. The unbound bacteria were removed with 3 PBS washes and
biotin-labeled bacteria were added at a constant dilution to the wells. Control wells of
labeled bacteria and U937 cells and murine macrophages were performed to determine
maximum binding. Standard curves of biotinylated GBS and biotinylated Listeria were
also generated by using dilutions o f organisms. Following a 2 h incubation at room
temperature, the unbound bacteria were removed with 3 PBS washes. The bound, labeled
bacteria were detected with streptavidin (SA) conjugated to horseradish peroxidase (HRP)
(1:2500) (Pierce) in 1% BSA/PBS, with a 2 h incubation. Unbound SA -H R P was
removed with 3 washes of PBS. Fifty microliters of the substrate, 2,2’ azino-bis (3ethylbenzthiazoline-6-sulfonic acid (ABTS)(Sigma) in 0.05 M phosphate-citrate buffer (pH
5.0), plus 30% hydrogen peroxide (H-,0-,) diluted 1:1000 ,were added to each well and
incubated for 15-30 min. Bacterial attachment was measured using a microplate reader
(Bio-Rad, Hercules, CA) at OD 405nm.

Percent inhibition of attachment was calculated as:

100 - ( O D ^ ^ test/OD405nm control x 100)
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Identification of U937 cell and murine macrophage proteins involved
in GBS and Listeria attachment. GBS and Listeria were grown fresh for each
soluble binding assay. The washed bacterial pellets were reconstituted in 5% gelatin in
PBS and incubated at 37°C for 2 h. Concurrently, 200-jil o f biotinylated cell lysates from
U937 cells and murine macrophages (thioglycollate and non-elicited cells) were added to
800-jj.l of 5% gelatin, 1% Triton X -100, 0.1 % SDS in PBS (pH 7.3) and incubated at
37°C for 4 h. Experimental systems, containing GBS, Listeria and U937 cells, or murine
macrophages, and control systems, containing GBS /Listeria and buffer, were incubated for
4 h at 37°C with end-over-end rocking at 10 rpm. B. subtilis W T168, S. typhimurium
14028, S.flexneri, and E. coli 12435 were also evaluated in the attachment to murine
macrophages as described previously. The bacterial-phagocytic cell membrane fractions
were washed 3X in 1% Triton X -1 0 0 ,0.1 % SDS in PBS. Putative receptors (phagocytic
cell proteins) were eluted from the bacterial suspension following a 1 min boil at 100°C in
50 |il Laemmli sample buffer. The bacteria were centrifuged at 12,000 x g for 10 min and
the supemates containing the eluted proteins were retained. Ten microliters o f the isolated
protein suspension and negative control were separated on 12% SDS-PAGE (mini-gel
apparatus Hoeffer™). Proteins were transferred to nitrocellulose, blocked in 5% skim milk
in PBS for 1 h with gentle rocking, followed by a 2 h incubation with streptavidin-HRP
(1:2000 in 1% skim milk in PBS; Pierce). Three 10 min washes were performed on the
membrane with PBS supplemented w ith 0.05% Tween-20, followed by one wash in PBS
alone. The isolated U937 cell and macrophage proteins that bound to GBS, Listeria, B.
subtilis WT168, S. typhimurium 14028, S.flexneri, and E. coli 12435 were visualized
using chemiluminescence (Pierce).
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RESU LTS

Binding of Listeria to U937 cells. Listeria were able to adhere to PM A treated and untreated U937 cells as measured by flow cytometry (Figure la). The
percentage of U937 cells, regardless of PMA treatment, with Listeria attached decreased in
a dose-dependent manner. In addition, the number o f Listeria per U937 cell also
decreased as the number of bacteria decreased (Figure lb). Treatment o f U937 cells with
PMA did not affect the number of bacteria attached, suggesting that the receptor for Listeria
is not upregulated with PMA treatment.

Involvement of C R3 in the attachment of Listeria. To determ ine the role
of CR3 in the attachment process of Listeria, a bovine LAD model was used. The ability o f

Listeria to attach to bovine PMNs expressing normal levels of CR3, slightly decreased
levels o f CR3 and highly reduced CR3 was m easured using flow cytometry. Table 1
shows that at ratios of 1000:1 and 100:1 {Listeria-to-PMNs) there was a significant
difference in the ability of BLAD PMNs to bind Listeria compared to the normal controls.
Figure 2a shows that Listeria was able to bind to bovine PMNs regardless of CR3
expression and that the binding occurred in a dose-dependent manner.

These data indicate

that CR3 expression is necessary for optimal binding to occur.
On the other hand, Figure 2b shows that the number of Listeria attached to each
PMN also follows a dose-dependent manner as the number of bacteria are decreased. Even
though there was a lower percentage of BLAD PMNs with Listeria attached, the num ber o f
bacteria per cell was comparable to or greater than that of the normal PMNs, indicating that
CR3 is not an essential requisite for attachment.
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F ig u re la .B in d in g o f L. m o n ocytogenes to U937 cells. L is te ria at
ratios of 1000:1, 100:1 and 10:1 were allowed to attach to U937 cells
(unstimulated or PMA-treated) and the percentage of U937 cells with Listeria
attached was calculated. Each bar is the average from three samples.
Unstimulated U937 cells R 2 = .998
PMA-treated U937 cells R 2 = .997
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Ratio

F ig u re lb . M ean flu o re sc e n c e in te n sity of L isteria b in d in g to
U937 cells. Attachment o f Listeria to U937 cells was m easured using flow
cytometry. At various bacterial-to-U937 cells ratios (1000:1, 100:1, and 10:1)
the amount of Listeria attached per U937 cells was measured. Each bar
represents the average from 3 samples.
Untreated U937 cells
R 2 = .996; PMA-treated U937 cells R 2 = .999
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Table 1

Effect of CD 18 expression on binding of L. m onocytogenes to PMNs

Bovine Sample unpaired
comparison (1000:1)

Mean Difference

P-valuea

1306, carrier

6.113

.0870

1306, 1608

3.063

.1759

1306, BLAD

17.080

.0082

carrier, 1608

-3.050

.3467

carrier, BLAD

10.967

.0564

1608, BLAD

14.017

.0180

Bovine Sample unpaired
comparison (100:1)

Mean Difference

P-vaIuea

1306,carrier

10.727

.0638

1306, 1608

6.277

.0059

1306, BLAD

12.978

.0003

carrier, 1608

-4.450

.4306

carrier, BLAD

2.247

.6134

1608, BLAD

6.697

.0005

a Based on analysis of variance, p Values on comparisons o f the percentage o f Listeria
bound between normal and carrier cows, normal and normal cows, BLAD and carrier cows
and normal and BLAD cows. Significant difference in attachment between the normal
cows and the BLAD cows at the ratio o f 100:1 (Listeria-to-PMNs) suggests a possible role
for CD 18 as an adhesin for Listeria.
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F ig u re 2a. P e rc e n ta g e o f B ovine PM N s w ith L isteria a tta c h e d .
Listeria -to-bovine ratios of 1000:1, 100:1 and 10:1 as measured by flow
cytometry. Each bar represents the average o f 3 samples.
Normal 1608 R 2 = .996;
Normal 1306 R 2 = .997
Carrier

R 2 = .999;

BLAD

R 2 = 1.0
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F ig u re 2b. M ean flu o re sc e n t in te n s ity o f Listeria a tt a c h m e n t
to bovine PMNs. The amount o f Listeria attached to bovine PMNs was
determined by flow cytometry. At bacteria-to-PM N ratios o f 1000:1, 100:1
and 10:1 the amount of bacteria per PM N was measured. Each bar
represents the average o f three samples.
Normal 1608 R 2 = .988;
Norm al 1306 R 2 = .990
carrier

R 2 = .776;

BLAD

R 2 = .717

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Competitive binding assays to U 937 cells and murine macrophages
with GBS and Listeria. A com petition ELISA was performed to test the ability o f one
organism to block the attachment o f another to U937 cells and murine macrophages. If
GBS and Listeria use the same binding receptors on both cell types they should be able to
compete for these sites. Figure 3a show s the results of a competiuon assay in which
Listeria was bound to U937 cells prior to the addidon o f GBS. Listeria on U937 cells
were able to inhibit the attachment o f GBS. The R2 value o f 0.949 indicated that the
concentradon of bound Listeria varied direcdy with the inhibition or lack o f GBS binding
in this assay. Figure 3b shows the opposite experiment: GBS attached to the U937 cells
prior to the addidon of Listeria. GBS cells were able to block the attachment o f Listeria to
U937 cells in a dose-dependent manner. An inhibition of almost 60% was observed at the
lowest dilution of GBS used. Figures 3c and 3d show the same ELISA-based competition
assay using murine macrophages; approximately 80% inhibition was seen at the lowest
dilutions for both organisms with an R 2 value of 0.998 for GBS and 0.981 for Listeria
respectively. Standard curves with GBS and Listeria were derived and the data presented
in Figures 3e and 3f. Competition w ith B. subtilis WT168, S. typhimurium 14028, S.
flexneri, and E. coli 12435 at the prescribed dilutions prior to the addition o f labeled GBS
or Listeria did not influence attachment percentage (data not shown).

GBS and L is te ria use the same receptors on U937 cells and murine
macrophages for attachment. A soluble binding assay was performed to determ ine if
the same receptor on the surface o f U937 cells and murine macrophages was interacting
with both bacteria. Figure 4 shows a W estern blot of U937 cell proteins that w ere eluted
using either GBS or Listeria. Three proteins appeared to be involved in bacterial
attachment. Proteins with molecular m asses o f 60, 55 and 20 kDa were bound by both
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Figure 3a. Competitive binding assay of GBS and L isteria .
Listeria was added at 5-fold dilutions to U937 cells and allowed to adhere.
GBS-biotin, at a constant concentration, was added to determine if it could
bind following Listeria attachment. The data are expressed as percent
inhibition which is the amount o f GBS that was unable to bind due to
listerial attachment.
R 2 = .949
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Dilution of GBS ( 1/x)

Figure 3b. Competitive binding assay of GBS and L isteria.
GBS was added at 5-fold dilutions to U937 cells and allowed to adhere.
Listeria -biotin, at a constant concentration was added to determine if it
could bind after GBS attachment. The data are expressed as percent
inhibition which is the amount of Listeria that was unable to bind due to
GBS attachment.
R 2 = .931

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

00
CQ
o
c
o

60-

40-

20

-

25

125

625

3125 15625

Dilution of Listeria (1/x)

Figure 3c. Competitive binding assay of GBS and L isteria to peritoneal
macrophages. Listeria was added at 5-fold dilutions to peritoneal macrophages and
allowed to adhere. GBS-biotin, at a constant concentration was added to determine if it
could displace the bound Listeria. The data are expressed as percent inhibition, based on
the number of GBS that were unable to bind due to listerial attachm ent. R2 = 0.998
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F ig u re 3d. C o m p e titiv e bin d in g assay o f GBS a n d L is te r ia to p erito n eal
m acrophages. GBS was added at 5-fold dilutions to peritoneal macrophages and
allowed to adhere. Listeria-biotin, at a constant concentration was added to determine if it
could displace the bound GBS. The data are expressed as percent inhibition, based on the
number of Listeria that were unable to bind due to listerial attach m en t. R2 =0.981
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F ig u re 3e. S ta n d a rd curve o f b iotin la b e le d GBS. GBS was added at 10-fold
dilutions to peritoneal macrophages and allowed to adhere for 2 h at room temperature. A
logarithmic curve fit was performed on this data.
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Figure 3f. Standard curve of biotin labeled Listeria. Listeria was added at 10fold dilutions to peritoneal macrophages and allowed to adhere for 2 h at room temperature.
A logarithmic curve fit was performed on this data.
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bacteria. These proteins appear to be involved in the attachment o f both bacteria to U937
cells. Figure 5 demonstrates a similar binding assay where thioglycollate-elicited murine
macrophages were used; in this case two proteins o f sim ilar mass, 60 and 55 kDa, bound
to GBS and Listeria. Resident murine macrophages in a soluble binding assay produced
only one binding protein with a molecular mass of approximately 85 kDa. Other test
organisms previously described did not bind similar macrophage proteins as did GBS or
Listeria, confirming earlier observations.

DISC U SSIO N

A large body of evidence indicates that attachment and phagocytosis can take place
in the absence of opsonins, suggesting that animals may rely on alternative mechanisms for
recognition of invading pathogens by phagocytes (102). Nonopsonic recognition o f
bacteria is an important host defense mechanism especially in individuals unable to produce
sufficient amounts of complement and specific antibody, namely the immunocompromised
and neonates (139). Attachment o f bacteria to macrophages is the first step in the
phagocytic cascade; however, the mechanisms o f attachment in an opsonin-independent
environment are poorly understood. The overall goal o f this study was to determine the
mechanisms of opsonin-independent attachment that are involved in the recognition of GBS
and L. monocytogenes by macrophages.
Previous work has shown that GBS (5,132) and Listeria (108)are able to adhere to
macrophages in the absence of exogenous complement. In the present study Listeria was
able to adhere to U937 cells (64) that were either untreated or PMA-treated. Treatment o f
U937 cells with PMA results in upregulation o f (3, integrins and CD 14 (94).
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Figure 4. Soluble binding assay. W estern transfer o f biotin-labeled U937 cell
proteins that were bound by GBS and Listeria, detected with avidin-HRP and
visualized with chemiluminescence. Lanes 1, GBS eluted U937 cell proteins; 2,
GBS control; hJListeria eluted U937 cell proteins; and 4JListeria control. Molecular
weight markers (kDa) are shown.
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F ig u re 5. Soluble B inding Assay. W estern transfer of biotin-labeled peritoneal
macrophage proteins that were bound by GBS and Listeria; detected using streptavidinHRP and visualized with chemiluminescence. Lanes 1, molecular mass markers, 2 empty,
3 and 5 contain GBS and Listeria -eluted macrophage proteins; 4 and 6, controls for each
organism respecdvely; 7, 8,9, and 10 contain eluted macrophage proteins from B. subtilis
W T168, E. coli 12435, S. typhimurium 14028, and S.flexneri.
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F ig u re 6. Soluble B inding A ssay. W estern transfer o f biotin-labeled non-elicited
peritoneal macrophage proteins that were bound by GBS and Listeria, detected using
streptavidin-HRP and visualized with chemiluminescence. Lanes 1 molecular mass
markers; 2 empty; 3 and 5 contain GBS and Listeria -eluted macrophage proteins; 4 and 6,
controls for each organism respectively; lanes 7, 8 ,9 , and 10 contain eluted m acrophage
proteins from B. subtilis WT168, E. coli 12435, S. typhimurium 14028, and S .flexn eri.
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The percentage of U937 cells with bacteria attached was similar in treated and untreated
cells suggesting that the receptor for Listeria is not upregulated by PMA treatment.
Similarly, Smith and Pistole (unpublished data) have shown the receptor on U937 cells for
GBS is not upregulated by PMA treatment.
Complement receptor type 3 (CR3) is a member o f the integrin family and has been
suggested as a possible adhesin for both GBS (5,132) and Listeria (40). CR3 is the
receptor for the com plem ent component C3bi. Under opsonin-dependent conditions, C3bi
coats the bacteria and increases the ability of macrophages to recognize bacteria. However,
CR3 has been shown to bind direcdy to type 1-fimbriated E. coli in the absence of
complement, suggesting that CR3 may interact directly with bacterial ligands (102). Antal
et al. (5) and Sloan et al. (132) showed that GBS can bind to macrophages via the CR3
molecule. Because 100% inhibition was not observed with blocking monoclonal
antibodies, there appeared to be additional receptors involved in GBS attachment. Using a
bovine LAD system, GBS was shown to bind to bovine PM Ns lacking CR3 surface
expression nearly as well as bovine PMNs expressing normal CR3 as shown by Smith
and Pistole (Unpublished data, 1998).
Listeria was able to bind to bovine PMNs regardless o f CR3 expression. Only
about 2% of BLAD PM Ns express CR3 (73,131) and Listeria was able to adhere equally
well to these PMNs and to normal PMNs suggesting the involvement o f additional
receptors. This observation is supported by work from Drevets and Campbell (40) who
showed that listericidal macrophages use CR3 as the major phagocytic receptor to bind
Listeria, but that CR3 mediates only a small amount of phagocytosis by a population o f
nonlistericidal macrophages, suggesting additional binding receptors for Listeria.
Listeria and GBS have similar adhesion patterns on U937 cells and bovine PMNs
(Smith and Pistole, unpublished data), which suggests that they may be binding to similar
receptors. Competition studies supported this hypothesis. Preincubation of U937 cells
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and murine macrophages with one organism (GBS or Listeria) inhibited the ability o f the
competing organism to adhere. Furthermore, competition with other organisms such as B.
subtilis WT168, S. typhimurium 14028, S.flexneri, and E. coli 12435 prior to the
addition of labeled GBS or Listeria had no influence on attachment. A similar model was
reported by Lee et al. (77), who showed that C. albicans and P. aeruginosa bind to the
same cell surface receptor on human respiratory epithelial cells. Using a similar
competition assay, they showed that the pili from C. albicans (77) were able to compete
with the fimbriae from P. aeruginosa for binding to buccal epithelial cells suggesting that
they recognize the same receptors on the surface of these cells.
The competition experiments in this study suggested that the same receptors from
U937 cells are involved in the recognition of Listeria and GBS and this was confirmed
with Western blot analysis. GBS and Listeria bound to the same 60, 55 and 20 kDa
molecular weight proteins from U937 cells. When a similar approach was taken using
thiogiycollate elicited macrophages a similar profile o f the 60 and 55 kDa proteins were
seen, but not the 20 kDa protein. Resident macrophages also appeared to bind GBS and
Listeria via the same protein, this time through a major 85 kDa protein. These data
represent perhaps an upregulation of GBS and Listeria binding receptors when
thiogiycollate was used as a non-specific immunostimulant; this may account for the
different profile of binding receptors when comparing elicited versus non-elicited
macrophages. In either scenario, both GBS and Listeria bound to the same receptors on
U937 cells, murine macrophages, and bovine PMNs. Furthermore, when B. subtilis
WT168, S. typhimurium 14028, S.flexneri, and E. coli 12435 were used in soluble
binding studies, none of the organisms demonstrated binding to murine macrophages
(elicited or non-elicited), particularly to the binding proteins o f GBS and Listeria.
Although the exact identity of the proteins is not known, there is strong evidence presented
here for the attachment of GBS and Listeria to phagocytic cells is mediated by similar
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proteins and mechanisms. Additional studies remain to determine the precise identity of
each putative receptor.
This study demonstrated GBS and Listeria recognize the same size proteins from
U937 ceils and murine macrophages and in competition studies one organism can inhibit
the attachment of the other organism. These results could potentially lead to beneficial
treatment strategies for individuals infected with pathogenic organisms. If there are
common receptors for nonpathogenic and pathogenic organisms it is possible that a
treatment regime could include giving the infected individual an increased amount o f
nonpathogenic organisms to displace the pathogenic organism. In addition to the above
mentioned line of defense, immunotherapeutics designed to treat one organism may be
useful in the treatment of the other organism (77) provided they bind to similar receptors on
host cells.
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OVERALL DISCUSSION

Opsonic and nonopsonic (devoid of exogenous antibody or complement) mediated
attachment o f microorganisms to host cells is a necessary first step in the infectious
process leading to disease. It is probable that the fate o f the organism, whether it is killed
or allowed to replicate, is governed by either of these two mechanisms. The attachment o f
bacterial to the host cell entails a multifactorial and dynamic series of events involving
numerous bacterial ligands and host cell receptors. In addition, other factors such as
immune status of the host, inoculum, and bacterial strain all are influential factors in disease
onset. Adhesion to host cells is often coupled with internalization and the assumption is
made that the same ligands that facilitate attachment also promote internalization. Although
this assumption may be an explanation for some intracellular pathogens, this may not be the
case with all pathogens. Thus, it was the aim of these studies to define the initial
interaction between microorganisms and host cells prior to internalization. W ork to date
has elucidated attachment ligands and epithelial cellular receptors responsible for initiating
infection. Less understood are the ligands and receptors involved with the primary target
cell for listerial replication, the macrophage.
The focus of my studies was to investigate bacterial binding to macrophages and to
elucidate the chemical and physical nature of the moieties involved. The first major avenue
was to determine what type o f molecules on the surface o f the bacterium (protein,
carbohydrate, glycoprotein, lipid) facilitated adhesion to host cells. Attachment o f bacteria
to mammalian host cells is often mediated by sugar-lectin interactions (31,57,103).
Mannose (127) and polysialic acid (136) have been shown to facilitate the attachment o f
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Mycobacterium tuberculosis and Neisseria meningitidis respectively to host cells while
Salmonella typhimurium adheres to intestinally-derived cells via the glycoconjugate
receptor, GaiP(l-3)GalNAc (51). Consequently, degradative enzymatic treatm ents were
performed separately on bacterial cells and macrophages, along with competitive binding
assays in the presence of sugars to assess the type o f molecule(s) involved. Results from
these assays revealed a significant reduction (90%) in listerial binding to macrophages
when competing for binding sites on macrophages with 100 mM neuraminic acid. Sim ilar
data to those reported here showed that the addition o f neuraminic acid in com petitive
binding assays impaired the adhesion o f strains o f Shigella dysenteriae and S. fle x n e ri to
epithelial cells (57).
These data suggested a role for carbohydrate moieties on the surface o f the bacteria
in adhesion. Reports in the literature have shown that many bacterial ligands are protein in
nature. Hence, it was speculated that bacterial protein(s) with covalently linked
carbohydrate (glycoprotein) was responsible for adhesion to macrophages. Follow ing
treatment with 10, 100 and 500 mM sodium metaperiodate, microbial adhesion was
reduced by 30%, 70% and 98% respectively. Oxidation of the bacterial surface w ith
sodium metaperiodate resulted in a dose-dependent reduction in the binding o f L.
m onocytogenes to macrophages.

In addition, PNGase and neuraminadase treatm ent o f

bacterial binding proteins (8 2 ,6 5 ,4 2 , 33 kDa) as determined by soluble binding assays,
eliminated the ability of the 82 and 65 kDa proteins to attach to macrophages. This finding
in addition to specific glycoprotein detection, sialic acid specific lectin affinity, and total
carbohydrate estimation revealed that glycoproteins were present on the bacterial surface
and played a major role in attachment. Proteolytic treatment o f the bacterial cells did not
significantly diminish the organism’s ability to bind, but, carbohydrate removal appeared to
be playing a key role in the initial interaction and communication with the host cell.
Glycobiology has been and continues to be well studied in the eukaryotic system .
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Less well understood is whether bacteria also have the ability to glycosylate proteins. Until
recent years, the scientific community did not accept the notion that bacteria have the ability
to glycosylate proteins, largely because they lack the machinery used by eukaryotes.
However, works by several researchers ranging from a major outer membrane glycoprotein
of Chlamydia trachomatis which facilitates attachment to HeLa cells, to the glycosylated
pilin o f Neisseria meningitidis which has been shown to facilitate adherence to hum an
epithelial and endothelial cells have been reported (36,41,74,76,144,148). Findings from
my study compliment published data and first report the presence of listerial glycoproteins.
These glycoproteins are mediators in attachment and perhaps also contribute to evading
host cell immunity by mimicking host cell sugar moieties.
A large body of evidence indicates that attachment and phagocytosis can take place
in the absence of opsonins, suggesting that animals may rely on alternative mechanisms for
recognition of invading pathogens by phagocytes (102). Nonopsonic recognition o f
bacteria is an important host defense m echanism especially in those individuals who are
unable to produce sufficient amounts o f complement and specific antibody, namely the
immunocompromised and the neonates (139). Previous work has shown that GBS
(5,132) and Listeria (108) are able to adhere to macrophages in the absence o f exogenous
complement. But the identity of the receptors mediating non-opsonic attachment has not
been reported. In this study, the receptors located on macrophage membranes involved in
opsonin-independent binding were elucidated for GBS and Listeria.
U937 cells, bovine LAD PMNs expressing diminished CR3 surface expression,
thioglycollate-elicited, and resident murine macrophages were used in flow cytometry, and
competition binding assays. It was concluded that GBS and Listeria were able to bind to
common 60 and 55 kDa receptors on all cell types, except resident murine macrophages
where a common 85 kDa receptor was found. The precise identity of these receptors is not
yet known, however, based on molecular m ass property they may be CD 14 or C lq
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receptors.
Furthermore, preincubation of U937 cells and murine macrophages with one
organism (GBS or Listeria) inhibited the ability of the competing organism to adhere. On
the other hand, competition with other organisms such as B. subtilus WT168, S.
typhimurium 14028, S.flexneri, and E. coli 12435 prior to the addition o f labeled GBS or
Listeria had no influence on attachment. A similar model was reported by Lee et al. (77),
who showed that C. albicans and P. aeruginosa bind to the same cell surface receptor on
human respiratory epithelial cells. Using a similar competition assay, they showed that the
pili from C. albicans were able to compete with the fimbriae from P. aeruginosa for binding
to buccal epithelial cells suggesting that they recognize the same receptors on the surface of
these cells.
It is clear from this study that adhesion is a complex, dynamic, and crucial part of
the infectious process and clearance of microorganisms. Understanding the mechanisms,
including bacterial adhesive ligands and host cellular receptors by which L. monocytogenes
binds to host cells both in the presence and in the absence o f opsonins is critical to
elucidating the nature of the intracellular parasitism of this organism and may prove to be an
important factor in the development of preventative treatment strategies for listeriosis.
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